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Nanotechnology refers to a field of research and innovation aimed at fabricating 
functional materials and devices at the supramolecular, molecular and atomic scale. 
Whether the nanostructured devices will constitute the basis for new technologies 
relies on the ability to precisely manipulate nanomaterials properties. In this context, 
controlling the assembly of individual nano-objects directly in solution paves the way 
for the development of solution-processable nano-devices. 
This thesis presents a bottom-up approach to assemble single-walled carbon 
nanotubes in aqueous solution by means of the formation of either static or dynamic 
junctions. Furthermore, it will be demonstrated how this approach can be extended 
to exfoliated molybdenum disulphide. 
Initially, pertinent works performed in the field to date will be introduced. 
Specifically, carbon nanotubes and molybdenum disulphide materials will be 
described focusing on their structure and properties, synthesis and functionalisation 
methods, as well as self-assembly ability. Subsequently, the chemical and 
characterisation techniques that underpin all the results presented in this work will 
be discussed.  
The results presented in this study report the formation of static and dynamic 
junctions. First, it will be described how a DNA-wrapping strategy allows the 
dispersion of single-walled carbon nanotubes in aqueous solution and how this 
protects their side-walls leaving the nanotube tips available for further 
functionalisation. We will then discuss how the functionalisation of carbon nanotube 
ends with diverse molecular linkers leads to the formation of static linear junctions, 
and how the use of DNA as molecular linker may drive the formation of dynamic 
junctions under different stimuli. Moreover, it will be demonstrated how this DNA-
driven approach can also lead the assembly of exfoliated molybdenum disulphide by 




The strategies developed in this thesis are of interest for the fabrication of solution-
processable and stimuli-responsive nano-systems. In particular, junctions between 
single-walled carbon nanotubes can be employed as sensing platforms with the 
nanotubes working as nano-electrodes in molecular transport junctions and single-
molecule investigations. Furthermore, controlling the assembly of exfoliated 
molybdenum disulphide holds great potential in optoelectronic and biotechnology 
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CHAPTER 1: Introduction 
The word “nano” derives from the Latin word “nanus” and the Ancient Greek word 
“νᾶνοϛ”, which meant "little old man" or "dwarf". The International System (SI) of 
units considers nano a unit prefix indicating "one billionth", i.e. a billionth of a metre, 
a billionth of a litre and a billionth of a kilogram. When used as a prefix for something 
other than a unit of measure, nano refers to nanotechnology.  
Technology scaling is the primary driving factor for industrial development, following 
the predictions of Moore’s law.1 In this context, the concept of nanotechnology is of 
fundamental importance for the next generation devices.2 Nanotechnology is the 
manipulation of matter on an atomic, molecular, and supramolecular scale and has 
received enormous attention over the last 50 years due to the scientific and 
technological progress. Its idea was first proposed in the talk “There is plenty of room 
at the bottom” given by the Nobel Laureate Richard Feynman at the American 
Physical Society meeting in 1959. However,  the term was defined by Norio Taniguchi 
in 1974 as follows: “Nano-technology mainly consists of the processing of separation, 
consolidation and deformation of materials by one atom or by one molecule”.3  
More generally , the term nanotechnology refers to the particular field of technology 
and applied science aimed at controlling material properties at the nanoscale, 
normally from 1 to 100 nanometres, where properties differ significantly from those 
at a larger scale. The manipulation of matter within this size range is linked to the 
concept of nanomaterial, described as the "material with any external dimension in 
the nanoscale or having internal structure or surface structure in the nanoscale" by 
the International Organization for Standardization. Nanosized materials possess 
unique optical, electronic and mechanical properties4–10 due to the higher surface 
area over volume ratio and quantum effects at the nanoscale. These emergent 
properties have the potential for great impacts in several applications, such as 





Figure 1 - 1 Schematic representation of zero-dimensional (0-D), one-dimensional (1-D), two-
dimensional (2-D), and three-dimensional (3-D) nanomaterials with associated density of 
electron states. Taken from reference 14.14  
Depending on the number of dimensions not confined to the nanoscale range, 
nanomaterials can be classified as shown in Figure 1 – 1.14  
- Zero-dimensional (0-D): wherein all the dimensions are within the nanoscale. 0-D 
nanomaterials include nanoparticles, fullerenes and clusters.  
- One-dimensional (1-D): one dimension is not confined to the nanoscale, such as 
in nanotubes, nanorods and nanowires. 
- Two-dimensional (2-D): two of the dimensions are outside the nanoscale. These 
materials exhibit plate-like shapes, like nanofilms and nanosheets. 
- Three-dimensional (3-D): all the dimensions confined to the macroscale (> 100 
nm). Bulk materials are 3-D nanomaterials that are composed of individual blocks 
which may exist in nanoscale. This class contains bulk powders, dispersions of 




The bulk physical properties can be described as a collective contribution of a very 
large number of atoms in the material. This theory falls apart when the size of the 
material is reduced to the nanoscale and the materials starts to exhibit new 
properties.15 These properties are highly dependent on the electrons and holes 
(charge carries) movement along the dimensions. This dimensionality denotes the 
number of degrees of freedom in the particle momentum. Indeed, in 0-D systems 
(quantum dots), the charge carries are confined to all the three directions wherein 
the electrons show a spectrum of discrete energy. In 1-D systems, quantum wires can 
be obtained when charge carries are free to travel in one direction and confined in 
the other two directions. The charge carries are confined in one direction and are 
free to move in two directions in a 2-D system (quantum well). Finally, in a 3-D 
system, there is no confinement and the electrons are free to move in all the 
directions. 
The main approaches for the synthesis and the fabrication of devices at the nanoscale 
are top-down and bottom-up, or a combination of both. The top-down approach16 
involves slicing or successive cutting bulk material to form the nanoscale structure. 
Differently, the bottom-up approach17,18 refers to the building up of a material from 
the bottom: particles self-assemble to form larger structures. The latter, when 
compared to the top-down method, is less time-consuming and costly, as it allows to 
work in parallel, but it also produces nanostructures with less defects, more 








1.1 CARBON NANOTUBES 
 Structure, Synthesis and Properties 
Carbon (from Latin: carbo "coal") belongs to the group 14 of the periodic table. It is a 
non-metallic element with the symbol C, atomic number six and four electrons in the 
outer electron layer. Carbon atoms possess exceptional properties, due to their 
electron structure and smaller size compared with other elements of group IV, and 
have the ability to hybridise in sp, sp2 and sp3 configurations. This electronic 
configuration allows atoms of carbon to stabilise in different atomic structures with 
diverse molecular configurations called allotropes.19 Additional allotropic forms have 
been added, such as fullerenes, carbon nanotubes (CNTs) and graphene,20 to the two 
well-known carbon allotropes, diamond and graphite (Figure 1 – 2) . 
 
Figure 1 - 2 Carbon allotropes including (a) 3-D graphite, (b) 3-D diamond, (c) 0-D 







Among the carbon allotropes, the study of carbon nanotubes is evolving at rapid 
pace. They are cylindrical one-dimensional structures, where the carbon atoms are 
arranged in a hexagonal pattern, like in a graphene sheet, while the closed ends of 
the nanotubes resemble half a buckyball. Their structure can be conceptualised by 
rolling up a single sheet of sp2 bonded carbon atoms (single-walled carbon nanotube, 
SWCNT)21,22 or several sheets (multi-walled carbon nanotube, MWCNT)23 into a 
seamless tube (Figure 1 – 3). Generally, SWCNTs are around 1-3 nm in diameter with 
lengths varying from tens of nanometres to few micrometres, while MWCNTs have a 
diameter of 5-40 nm and a length around 10 μm. 
 













The common methods for the production of carbon nanotubes are24 
- Arch discharge:25 it is the easiest way for making CNTs, but it originates a mixture 
of components. The method consists in applying a direct-current arc voltage 
between two graphite electrodes, which are immersed in an inert gas. The 
discharge consumes one of the carbon electrodes, creating a deposit on the 
opposing electrode. While using a pure graphite anode results in the synthesis of 
fullerenes and MWCNTs, a graphite anode containing Fe or Co catalysts generates 
pure SWCNTs. 
- Laser ablation:26 in this method, laser pulses vaporise a graphite rod in a high-
temperature furnace, filled with an inert gas. The rod is a composite of graphite 
and metal catalyst particles (Co and Ni mixture). This method produces a mat of 
ropes and each rope contains a bundle of SWCNTs.  
- Chemical vapour deposition (CVD):27,28 it is the most common method due to the 
continuous mass production and low cost. The CVD methods involve the 
decomposition of carbon atom-containing gas (such as acetylene, ethylene, 
ethanol or methane) with the presence of catalytic nanoparticles. Then, carbon 













Since their discovery in 1991 by Sumio Iijima,23 carbon nanotubes have attracted 
researchers for their notable properties.4,29–38 The density of carbon nanotubes is 
about one quarter that of steel, but their mechanical properties make them one of 
the strongest and stiffest known materials in terms of tensile strength and elastic 
modulus. This strength is due to the strong covalent sp2 bonds formed between 
carbon atoms, resulting in a tensile strength of up to 63 GPa for MWCNTs. Despite 
they have a tensile strength over 100 times that of the steel and a Young’s modulus 
value estimated on the order of TPa, carbon nanotubes are rather soft because of 
their elasticity in the radial direction. The high flexibility and strong in-plane coupling 
against non-axial strains are related to the thermal properties of CNTs. All carbon 
nanotubes are good thermal conductors along the tube, with a thermal conductivity 
about 3,500 W·m−1·K−1 at room temperature for SWCNTs, but good insulators lateral 
to the tube axis, with thermal conductivity about 1.52 W·m−1·K−1 at room 
temperature for SWCNTs. They also possess good temperature stability, which is 
estimated to be up to 2,800 °C in vacuum and about 750 °C in air.  Nevertheless, 
carbon nanotubes are of great interest especially for their electrical properties. 
Indeed, depending on their atomic structure, they can possess either semiconducting 











The atomic structure of SWCNTs can be defined by a chiral angle, θ, and a roll-up 
vector, Ch.39 Both are obtained by the combination of structural parameters 
indicating how the tube is twisted, as shown in the equations below: 





where a1 and a2 are the unit vectors in the graphene space, while the integers m and 
n are called chiral indices and describe how the graphene sheet is rolled up. The 
diameter (d) of the CNTs is also related to (n,m) indices as follows. 
𝒅 =  
𝒂𝒄𝒄
𝝅
√(𝒏𝟐 + 𝒏𝒎 + 𝒎𝟐) 

















Carbon nanotubes can be classified in three types based on the chiral indices (n,m) 
that define their geometry:20,40 zigzag, armchair and chiral (Figure 1 – 4). If either n 
or m is equal to zero, the nanotube is zigzag type; when n = m the tube orientation is 
known as armchair; in all the other cases when n ≠ m the resultant carbon nanotubes 
are chiral.  
 
Figure 1 - 4 (a) Graphene honeycomb network and (b) structure of SWCNTs exhibiting 
different configurations: armchair, zigzag and (c) chiral. Taken (adapted)  from reference 20.20 
 
The (n,m) indices also define whether SWCNTs possess semiconducting or metallic 
behaviour. Armchair nanotubes are metallic; carbon nanotubes for which n – m = 3i 










Although this “rule” identifies the electrical nature of CNTs, exceptions must be made 
as the nanotube diameter strongly influence their band gaps. A theoretical graph 
based on CNT band structure calculations was designed in 1999 by Hiromichi 
Kataura.41 The Kataura plot relates nanotube diameter and bandgap energies: carbon 
nanotubes of certain diameter range can be metallic or semiconducting as shown in 
Figure 1 – 5.42  
 
Figure 1 - 5 Comparison between model-based and empirical values of optical transition 
energies vs diameter for semiconducting SWCNT. Taken from reference 42.42 
The band gap is inversely proportional to the diameter of the nanotube as shown in 
the following equation: 
𝑬𝒈 =  
𝟐𝜸𝟎𝒂𝒄𝒄
𝒅




where γ0 is the carbon-carbon tight-binding overlap energy. Generally, a 
semiconducting SWCNT has a band gap of about 0.5-0.65 eV; as consequence, chiral 
and zig-zag carbon nanotubes with small diameters that should be metallic have a 
finite gap.  
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The optical properties of CNTs are determined by their electronic structure. A bulk 
material has continuous density of states (DOS), but a one-dimensional crystal has 
van Hove singularities. As the energies between van Hove singularities depend on 
CNT structure, their optoelectronic properties can be tuned by varying this 
structure.43 In van Hove singularities, DOS descends gradually and then increases in 
a discontinuous spike; optical transitions occur between van Hove singularities. In 
this regard, UV-Vis-NIR absorption spectroscopy is a powerful tool for the 
characterisation of  SWCNTs.44 For semiconducting SWCNTs, the electrons present in 
the valence band (VB) can jump up into the corresponding energy levels of the 
conduction band (CB) when excited. Semiconducting transitions are indicated as S11 
for transitions from VB1 to CB1, as S22 for transitions from VB2 to CB2, etc. In the case 
of metallic SWCNTs, the spacing between the van Hove singularities is larger and only 
transitions from VB1 to CB1, termed M11, can be probed in the UV-Vis region (see 
Figure 1 – 6).  
 
Figure 1 - 6 Plot of the electronic density of states for (a) semiconducting and (b) metallic 
SWCNTs and the possible transitions between the van Hove singularities. Taken (adapted) 





While the transitions of metallic SWCNTs are probed in the UV-Vis region, 
semiconducting SWCNTs are observed in the Vis-NIR region, as shown in the 
absorbance spectrum in Figure 1 – 7. The peaks in the spectrum arise from specific 
SWCNT chiralities; as shown for (7,5)-SWCNT,45 in the case of semiconducting 
SWCNTs, one specific chirality has one peak in the S11-regime and another one in the 
S22-regime. 
 
Figure 1 - 7 Typical absorbance spectrum of a mixture of single-walled carbon nanotubes with 
different chiralities. The M11, S11 and S22 transitions of metallic and semiconducting SWCNTs 
are highlighted in red, blue and green, respectively. The purple arrows in the figure indicate 
that the (7,5)-SWCNT yields one peak in the S11-regime and another one in the S22-regime. 




 Chemical Functionalisation 
Thanks to their unique properties, carbon nanotubes can be employed for many 
nanotechnological applications, such as scanning probes,46 hydrogen storage47 and 
sensor/biosensors.12 In order to employ CNTs in a diverse range of 
applications,11,38,48–58 it is essential to disperse and purify them. Unfortunately, their 
poor dispersibility in both aqueous and non-aqueous solution makes hard their 
manipulation. They can be dispersed in some solvents by sonication, but precipitation 
occurs once the process is ended. However, carbon nanotubes can react with various 
compounds through chemical functionalisation.59 The chemical functionalisation of 
carbon nanotubes helps their dispersion in solvents, by converting them into more 
manageable materials. The main approaches for CNT modification can be grouped 
into two categories: covalent and non-covalent functionalisations. 
1.1.2.1 Covalent Functionalisation 
The covalent functionalisation of carbon nanotubes34 can disrupt their π-conjugated 
networks and thus modify their mechanical and electronic properties. Although it is 
important to covalent functionalise CNTs for specific applications, it is also essential 
that their electronic structure is not diminished.60 An example of covalent 
functionalisation is the oxidative cutting of SWCNTs via acid treatment.61–63 As a 
result, the open-ends and the sidewall of the carbon nanotubes are covered with 
oxygen-containing groups (Figure 1 – 8), which can be exploited for further 
functionalisation. 
 
Figure 1 - 8 Oxidative cutting of the CNTs by H2SO4 : HNO3. Taken from reference 63.63 
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After oxidation of pristine carbon nanotubes, it is possible to further functionalise the 
tubes via amidation or esterification of the carboxylic groups. The amidation strategy 
has been used to assemble SWNTs and to link SWCNTs other moieties, such as 
fullerenes.64 In the same way, esterification reactions have been used to link carbon 
nanotubes to porphyrins65 and alkyl pyrrole derivatives.66 
In 1998, Chen et al.67 treated carboxylated CNTs with long chain alkylamines via 
acylation and made carbon nanotubes dispersible in organic solvents for the first time 
(see Figure 1 – 9). 
 










Another example of covalent modification is the nitrene [2+1] cycloaddition to the 
CNTs.68 This method consists in the decomposition of an organic azide, which gives 
rise to a very reactive nitrene group via nitrogen elimination, and then in the [2+1] 
cycloaddition of the nitrene to the nanotube via aziridine adducts formation, as 
shown in Figure 1 – 10. This allows to attach a variety of functional groups onto CNTs. 
 













The CNT covalent functionalisation opens the doors to the integration of biological 
systems to form functional assemblies.69–71 In fact, the combination of the carbon 
nanotube electronic properties and the biomaterial recognition properties can be 
exploited for the fabrication of new bioelectronic systems. In 2002, Huang et al.69 
prepared CNT-protein conjugates via diimide-activated amidation reaction. The 
nanotubes were functionalised with bovine serum albumin (BSA) proteins and the 
CNT-BSA conjugates were found to be highly dispersible in aqueous media, as shown 
in Figure 1 – 11. 
 
Figure 1 - 11 Scheme of CNT-protein conjugates via diimide-activated amidation reaction 
Taken from reference 69.69 
Another strategy relies on the use of radicals to covalent functionalise carbon 
nanotubes. Some examples are with diazonium salts, where the reactive species were 
aryl radicals and the formation of this reactive molecules was triggered by electron 
transfer between the nanotube and the diazonium salts.72–76 In other examples, alkyl 
or aryl peroxides were thermally decomposed and subsequently the resulting phenyl 
or lauyl radicals reacted with the nanotubes.77,78 
1.1.2.2 Non-covalent Functionalisation 
Conversely to the covalent functionalisation, non-covalent interactions conserve the 
π-conjugated skeleton of CNTs. This preserves their unique properties and allows 
their dispersion in solvents, which could enhance the adsorption of biomolecules on 
their surfaces. The main forces that drive the non-covalent functionalisation are van 
der Waals or π-π stacking interactions.79 It consists in the interaction between the 




Carbon nanotubes are considered ideal reinforcing agent for polymer composites, 
due to their electrical and mechanical properties. Therefore, CNT-polymer 
nanocomposites are great candidates for organic optoelectronics and structural 
applications. In 1999, Tang et al.86 prepared the first CNT-polymer nanocomposites 
by in situ polymerisation of phenylacetylene in presence of carbon nanotubes. This 
procedure allowed the wrapping of the polymer chain around the nanotube, 
increasing its dispersibility in common organic solvents. Carbon nanotubes have been 
dispersed in a variety of polymers, such as polystyrene, polypropylene, and 
polyethylene glycol (PEG). The first CNT-PEG composites was first fabricated by Goh 
and co-workers87,88 and exhibited enhanced mechanical properties due to hydrogen 
bond interactions between the nanotube defect sites and the PEG oxygen atoms. 
Poly(m-phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene)(PmPV) is a 
polymer widely employed for the fabrication of optoelectronic applications due to its 
luminescent properties. The research work of Blau and co-workers89,90 explains the 
importance of producing CNT-PmPV composites since the integration of CNT in PmPV 














Another approach for the non-covalent modification of CNT is shown in Figure 1 – 12 
and involves the use of pyrene derivatives.91–93 In this process, the pyrene molecules 
are irreversibly adsorbed onto the nanotube sidewall due to π-π stacking interactions 
and can be used as linker to covalently attach biomolecules.92,93 
 













Carbon nanotubes can also interact directly with biomolecules in appropriate 
conditions. An example is streptavidin, a water-soluble protein that can be absorbed 
on MWCNTs after incubation (Figure 1 – 13).85 
 
Figure 1 - 13 Electron micrograph of MWCNTs coated with streptavidin molecules. Taken 
(adapted) from reference 85.85 
Among the biomolecules able to interact with carbon nanotubes, deoxyribonucleic 
acid (DNA) has drawn great attention due to its capability to bind to CNTs with high 
affinity and form dispersible hybrids, solving the problem of nanotube dispersion and 
separation. The DNA-wrapping around the sidewalls of the CNT is the main driving 
force94 and offers a high dispersion efficiency (up to 4 mg/mL), while maintaining the 
unique CNT properties.84,95 This thesis is focused on DNA-wrapped SWCNTs and they 










 DNA-wrapped SWCNTs  
1.1.3.1 Dispersion  
Deoxyribonucleic acid is an organic polymer that plays a central role in biology and 
due to its properties has inspired a search for non-biological applications. It is made 
from four different monomers, called nucleotides, and polymerisation of nucleotides 
forms the backbone of a single strand DNA (ssDNA). Each nucleotide contains a 
phosphate group, a 2-deoxyribose and a nucleobase [adenine (A), thymine (T), 
cytosine (C) or guanine (G)] attached to the sugar. Adenine and thymine are known 
as purine, while cytosine and guanine as pyrimidines. A double strand DNA (dsDNA) 
is composed of two helical chains, connected to each other by specific and 
complementary hydrogen bonds between either adenine and thymine, or guanine 
and cytosine, as shown in Figure 1 – 14. DNA is polar due to its negative charged 
phosphate backbone and its polarity makes it water-soluble according to the 
principle "like dissolves like”. 
 




The molecular recognition between complementary strands of DNA has been 
exploited for the fabrication of geometric nano-objects, and for controlling the 
assembly of colloidal particles. In addition, the π-π stacking interactions and the 
electronic properties of DNA bases have been investigated for possible use in 
molecular electronics. In this context, joining the unique properties of SWCNTs and 
DNA opens the doors to a new class of materials with exceptional properties and 
diverse range of applications.96–105 
In 2003, Zheng et al.84 had successfully obtained DNA-wrapped SWCNTs in aqueous 
environment (Figure 1 – 15). The wrapping process84,106 consists in sonicating, in a 
water ice bath, an aqueous solution containing carbon nanotubes and ssDNA. In the 
process, DNA acts as a dispersing agent:84,99 the flexible hydrophilic phosphate 
backbone is exposed to the aqueous media  and allows low-energy conformations for 
the π-π stacking interactions between its aromatic hydrophobic bases and CNT 
sidewalls.   
 
Figure 1 - 15 Schematic model of DNA-wrapped single-walled carbon nanotube. Taken 








In order to optimise the dispersion of carbon nanotubes by DNA, several studies have 
been conducted to find the best wrapping conditions. In particular, several 
parameters have been investigated: length and sequence of the DNA strands;  
sonication time; carbon nanotube type; and salt concentration. 
In this regard, thymine-rich DNA sequences result in the highest dispersion efficiency 
for SWCNTs.84 In particular, Zheng et al.84 found that, among DNA/SWCNT hybrids 
containing different lengths (60-, 30-, 21- and 15-mer) of poly(T), T30 DNA sequence 
has the highest yield.106 
In addition, a search of the ssDNA library showed that DNA sequences containing 
d(GT)n, with n = 10 to 45, have a high dispersion yield and also enable CNT separation 
by anion exchange chromatography.106 
Generally, the kinetic stability of DNA-wrapped SWCNTs increases with the length of 
the DNA sequence.108 However, in the work of Vogel et al.,109 shorter DNA sequences 
have displayed high dispersion efficiency: DNA sequences d(GT)n and d(AC)n, with n 
equals to 2, 3, 5, 10, 20, or 40, were employed both individually and as equimolar 
mixtures of the complementary DNA strands; unexpectedly, the highest dispersion 












The absorption of nucleobases on the SWCNT sidewall strongly depends  on the ionic 
strength of the medium. The work of Ghosh et al.110 shows that while in low salt 
concentration the wrapping of ssDNA on the nanotube surface is due to the π−π 
stacking interactions between the DNA bases and the sp2-hybridised SWCNT surface, 
at elevated salt concentration the DNA bases self-stack and DNA molecule adopts a 
partially folded structure, weakening the interaction between DNA and SWCNT. 
Moreover, the force between DNA-wrapped SWCNTs is a function of their interaxial 
distance in low monovalent salts, where electrostatic repulsion dominates. The 
research work of  Qiu et al.111 shows that while DNA-SWCNTs forces resemble that of 
dsDNA in low salt concentration, a different behaviour rises at high monovalent salts: 
DNA/CNT hybrids aggregate spontaneously, whereas dsDNA remains soluble. The 
traditional wrapping process is not very effective for large diameter (>1 nm) tubes 
and do not preserve secondary and tertiary structural and functional domains 
present in certain DNA sequences. To overcome this problem, Streit et al.112 
developed a low energy strategy to DNA-wrap single-walled carbon nanotubes by 
replacing strong binding bile salt surfactants (Figure 1 – 16). This simple method 
allows to produce DNA-wrapped SWCNTs with tubes of broad diameter range and 
DNA of arbitrary sequence. 
 




1.1.3.2 Separation Methods 
Device applications require both size and properties control of carbon nanotubes. 
Different strategies have been reported to sort CNTs by diameter, chirality, electronic 
behaviour and length. 
The dominant physical dimension of a SWCNT is its length. Although the carbon 
nanotube electronic band structure is not dependent on its length,113 device 
applications need nanotube length control for an easy and reproducible fabrication. 
Several studies about CNT length sorting have been reported, such as capillary 
electrophoresis114,115 and gel electrophoresis.116 In 2005, Huang et al.117 
demonstrated that DNA-wrapped SWCNTs can be fractionated by size-exclusion 
high-performance liquid chromatography (SEC-HPLC) to yield populations of 
nanotubes with uniform length. In addition, UV-Vis-NIR analysis of the SEC-HPLC 
fractions, shown in Figure 1 – 17, revealed the effective removal of graphitic 
impurities and excess of DNA. 
 
Figure 1 - 17 Chromatogram of size-exclusion column separation of DNA-wrapped SWCNT, 
showing a broad peak at ~20 min retention time and a relatively narrower peak at ~37 min 
retention time, corresponding to DNA-wrapped SWCNTs of different length and free DNA in 
solution, respectively. Taken from reference 117.117 
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Since DNA/SWCNT hybrids are found to be negatively charged, due to the exposed 
phosphate backbone, another chromatography technique that allows their 
separation is ion exchange chromatography (IEX).106 Ion exchange chromatography 
is a chromatography technique that usually separates ions and polar molecules based 
on their affinity to the ion exchanger. It is used for almost any charged molecule as 
well as proteins, nucleotides, and amino acids. There are two types of ion 
chromatography: cation-exchange chromatography, used when positively charged 
molecules are attracted to the negatively charged stationary phase; and anion-
exchange chromatography, employed when the stationary phase is positively 
charged and negatively charged molecules are loaded to be attracted to it. Zheng et 
al.106 found that anion-exchange chromatography provides a useful tool to separate 
DNA-wrapped SWCNTs by their diameter and electronic properties. The separation 
is linked to the DNA sequence as the nanotubes behaviour depends on their linear 
charge density. This results in early fractions enriched in smaller diameter and 
metallic SWCNTs, whereas late fractions are enriched in larger diameter and 
semiconducting nanotubes. 
As previously mentioned, the electronic structure of SWNTs is not dependent on their 
length, but it is a key factor during a separation process. In fact, a broad length 
distribution reduces their separation resolution. To overcome this problem, Zheng et 
al.95 developed an effective length sorting method, by combining IEX and SEC-HPLC. 
In the experiment, first the SWNTs length distribution was narrowed by SEC-HPLC 
separation, then IEX separation was conducted. This combination resulted in the 
production of a few single chirality enriched SWNTs 
The structure of DNA-wrapped SWCNTs depends on both DNA sequence and SWNT 
chirality. This allows to select DNA sequences for specific SWNT structure recognition. 
In this context, Tu et al.107 designed an effective search of a ssDNA library, and 
identified short DNA sequences that enabled nanotube separation by chirality (see 
Figure 1 – 18). In particular, the study showed a periodic purine–pyrimidines pattern, 
which can form a 2-D sheet via hydrogen bonding, and fold selectively on SWCNT into 




Figure 1 - 18 Comparison of ultraviolet–visible–near-infrared absorption spectra of SWNTs. 
The black spectrum shows the absorbance peaks of HiPco SWCNTs and the coloured spectra 
show the two characteristic peaks, one in the S11-regime and the other one in the S22-regime, 




Another efficient method for the purification of SWCNTs is by means of a polymer 
aqueous two-phase (ATP) system. The ATP system consists of a polymer-polymer 
phase separation to generate two immiscible aqueous phases having slightly 
different physical properties. The difference in solvation energy of diverse SWCNT 
chiralities results in their distribution between the two phases. The work of Ao et 
al.118 shows how the partition of DNA-wrapped SWCNTs in a given ATP system 
strongly depends on the DNA sequence and can be modulated by salt and polymer 
additives. In particular, with the proper combination of ATP system, DNA sequence 
and salt concentration, they separated 15 single-chirality nanotube species from a 
synthetic mixture, as shown in figure 1 – 19. 
 
Figure 1 - 19 Sequence-dependent partition of DNA-SWCNTs in the PEG/PAM ATP system. 









1.1.3.3 Controlled Assembly 
Control of the geometry, orientation and structure of carbon nanotubes is needed to 
optimise their performance for a given application. The use of bottom-up 
approaches, in which a disordered system of pre-existing components forms an 
organised structure or pattern, allows to control the assembly of SWCNTs. In this 
context, DNA-wrapped SWCNTs are a promising material for the construction of 
organised structures with applications into the “nano-field”. 
In the work of Eskelinen et al.,119 carbon nanotubes were assembled on DNA-origami 
templates exploiting the streptavidin-biotin interaction. As shown in Figure 1 – 20, 
rectangular DNA-origami, with a precise pattern of biotin modifications, were 
fabricated and streptavidin molecules were assembled on the DNA-origami structure 
to define the binding sites for SWCNT attachment. Then, SWCNTs, wrapped with 
biotin-modified ssDNA, were immobilised on the origami templates. 
 
Figure 1 - 20 Schematic of SWCNT assembly on DNA origami templates using streptavidin-
biotin interaction: (a) DNA-origami with a certain pattern of biotin modifications, (b) After 
that, streptavidin assembly on the origami, (c) biotin-modified DNA-wrapped SWCNTs , and 









In the work of McMorrow et al.,120 SWCNTs were wrapped with modified-DNA 
sequences exhibiting specific chemical functionalities for metal coordination and 
cycloaddition reactions. The SWCNTs assembly was controlled via side-to-side 
interactions and changes in the reaction conditions led to changes in the structures 
obtained (Figure 1 – 21). 
 















Another strategy consists in assembling single-walled carbon nanotubes by means of 
DNA linkers. Han et al.121 use multidomain DNA linkers that cooperatively disperse 
each nanotube via DNA-wrapping; the resulting dispersion is stable under ambient 
conditions, but it assembles into parallel arrays on charged surfaces in the presence 
of divalent counterions, which form salt bridges between the SWCNT-anchored DNA 
linkers and the surface charge groups, as shown in Figure 1 – 22. 
 
Figure 1 - 22 (a) DNA linkers and SWCNTs are sonicated to give (b) anchored DNA linkers  












In 2010, Weizmann et al.122 used DNA linkers for joining the ends of single-walled 
carbon nanotubes (Figure 1 – 23). In this work, the authors linked SWCNTs via 
amidation reaction exploiting the carboxylic acid groups on the ends of nanotubes 
and the amino groups of amino-functionalised oligonucleotides. 
 
Figure 1 - 23 Schematic of end-to-end assembly of DNA-wrapped SWCNT via amidation 
reaction. Taken (adapted) from reference 122.122 
In a similar approach, Palma and co-workers123 assembled DNA/SWCNT hybrids using 
non-conjugated diamine linkers (Figure 1 – 24). This approach is a novel strategy for 
the fabrication of solution-processable molecular transport junctions.124 
 
Figure 1 - 24 (top) Schematic of linear SWCNT junctions. (a) AFM and (b) TEM images of 






In another work, Clément et al.125 employed a three-terminal diazonium salt 
molecule to link in a single-step strategy DNA-wrapped SWCNTs tips in water at room 
temperature. Moreover, they observed that upon increasing the concentration of the 
diazonium molecular linker, side-to-end and side-to-side SWCNT molecular junctions 
were formed. This strategy demonstrates the possibility of controlling the formation 
of linear and branched SWCNT junctions in function of the linker concentration, 
which is of paramount importance for the fabrication of SWCNT‐based devices. 
Reversible assembly and disassembly of SWCNTs has an important function in the 
controllable construction of nanodevices.126,127 There are several methods to achieve 
the reversible assembly/disassembly of DNA/SWCNT conjugates. Li et al.128 employed 
hybridisable DNA sequences onto the DNA-wrapped SWNTs to construct an 
assembled system via DNA hybridisation, and demonstrated the disassembly of 
SWCNTs via strand-displacement mechanism, as shown in Figure 1 – 25. 
 
Figure 1 - 25 Disassembly of linked SWNT by DNA-strand-displacement mechanism. Taken 





In the work of Wan et al.,129 SWCNTs were dispersed with two different ssDNA: one 
containing an i-motif sequence and the other its complemental DNA sequence. The 
resulting DNA-wrapped SWCNTs can assemble as the two DNA terminals hybridise 
under slightly basic conditions, while they disassemble under slightly acid conditions 
as an i-motif DNA structure is formed (Figure 1 – 26). 
 
Figure 1 - 26 Reversible assembly/disassembly of DNA-wrapped single-walled carbon 









1.2 MOLYBDENUM DISULPHIDE 
 Layered Materials Overviews 
Two dimensional (2-D) layered materials130–132 have gained extensive interest since 
the discovery of graphene133 and its properties.134 They possess a sheet-like structure 
with a lateral size up to a few micrometres and thickness less than 5 nm.135 The 
structure is composed of stacked nanometre-thick layers, which, due to the electron 
confinement in two dimensions,136 gives to this materials unique structural,137,138 
mechanical,139 electrical,140–142 thermoelectric,143–146 optical,147–153 catalytic,154,155 
and sensing properties.156–161 The layers are linked by weak out-of-plane van der 
Waals interactions,162 while they have strong in-plane covalent bonds. Their layered 
structure allows exfoliation of the bulk material by means of top-down exfoliation 
methods. 
 
Figure 1 - 27 2. Schematic of 2D layered materials. Taken (adapted) from reference 131.131 
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Besides graphene, there are other 2-D layered materials (Figure 1 – 27) and the main 
categories are described below: 
- Graphene: is the typical example of layered materials in which layers stack 
together, forming the bulk graphite. It is an allotrope of carbon and can be 
considered as an indefinitely large polycyclic aromatic hydrocarbon. A single layer 
of graphene consists of carbon atoms packed into a 2-D hexagonal lattice.163  For 
this, it can also be treated as the basic structural element of other graphitic 
materials, such as fullerenes (0-D), carbon nanotubes (1-D) and graphite (3-D).136 
Graphene is a zero-gap semiconductor with extraordinary properties: a larger 
theoretical specific surface area (2,630 m2/g) compared to CNTs (from ≈100 to 
1,000 m2/g);134,164 an electron mobility of 2.5 × 105 cm2 V−1 s−1 at room 
temperature;165 a Young’s modulus of 1 TPa and intrinsic strength of 130 GPa;166 
a thermal conductivity above 3,000 W m−1K−1;167 a complete impermeability to 
standard gases;168 and the ability to be chemically functionalised.169–171 Its 
structure, combined with its properties, makes graphene an ideal material for 
several applications.133,166,172–175 
- Hexagonal Boron Nitride (h-BN): is an interesting lubricant and high-temperature 
ceramic material thanks to its high thermal conductivity, inertness, and 
tribological properties.176 The structure of h-BN is similar to that of graphene. 
Indeed, a single-layer h-BN consists of equal numbers of boron and nitrogen 
atoms covalently bonded in a hexagonal structure, while the bulk crystal is 
formed from these layers stack together by van der Waals force. 
- Graphitic Carbon Nitride (g-C3N4): is another analogue of graphene, with a 2-D 
layered structure,177–179 and presents interesting physicochemical properties due 
to the s-triazine cores. This compound has general formula g-C3N4 and its 
structure can be considered as N-substituted graphene framework formed 
through the sp2 hybridisation of carbon and nitrogen atoms. Although electronic 
applications are limited due to the poor conductivity, its catalytic activity can be 
exploited for water splitting and pollutant degradation at room temperature.180 
- Black Phosphorus (BP): is a rising 2-D material because of its electronic structure 
and bandgap. Indeed, BP is a direct semiconductor regardless of layer number.181 
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The bulk material is constituted of stacked phosphorene monolayers through 
weak van der Waals forces and each monolayer possesses an honeycomb 
structure, in which one phosphorus atom bonds the other three in a sp3 
hybridisation. Among the four P atoms, three of them are located in the same 
plane, while the last one at the parallel adjacent plane.182–184 
- MXenes: are a class of 2-D layered transition metal carbides and/or nitride 
typically synthesised by a top-down etching process of the MAX phase. MAX 
phase has general formula Mn+1AXn, where M is a transition metal, A is an 
element from group 13 or 14, X is carbon and/or nitrogen, and n = 1-4. They have 
a layered hexagonal structure, where M layers are nearly closed packed and X 
atoms fill octahedral sites. Therefore, Mn+1Xn layers are interleaved with A, which 
is metallically bonded to M. MXenes are conductive layered materials with 
tunable surface terminations and can be exploited for diverse applications.185–195 
- Layered Double Hydroxides (LDHs): are lamellar inorganic solids with general 
formula [Mz+1−xM3+x(OH)2]m+[An−]m/n·yH2O, in which An− is an intercalating anion 
and Mz+ and M3+, giving m = x, are a divalent and trivalent metal ions respectively. 
The anions are located in the interlayer regions and can be easily replaced. The 
incorporated anions are weakly bound and their intercalation properties have use 
for advanced applications.196 Diverse anions can be intercalated in this materials, 
ranging from inorganic and organic anions, such as CO2−3 and benzoate, to 
complex biomolecules, including DNA. 
- Transition Metal Oxides (TMOs): are a class of layered materials that can undergo 
to chemical transformations without disrupting the covalent bonding within 
layers.197 They have chemical formula MO3 (M = Mo, Ta, W, etc.)198,199 and the 
bulk crystal is composed of different layers stacked together along the y-axis 
through the van der Waals force. The properties of TMOs are governed by the 
oxygen ions, which generate remarkable properties on their surface, as well as 
the cationic species and their flexibility in changing oxidation state.199 Promising 
application of TMOs are presented in photodetection, gas sensing, light emission, 
energy storage, and photocurrent generation.200–203 
- Transition Metal Dichalcogenides (TMDs): this class of layered materials will be 
deeply discussed in the next paragraph. 
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 Transition Metal Dichalcogenides 
 
Figure 1 - 28 Periodic table with highlighted elements able to form TMDs. Taken from 
reference 132.132 
Chalcogen elements are highly reactive to metals, creating various metal 
chalcogenide combinations with diverse stoichiometric ratios (Figure 1 – 28). Among 
them, TMDs are an emerging class of two-dimensional layered materials with 
applications in diverse research areas, such as catalysis,204,205 sensing,206–208 
energy,209,210 and electronics.211–213 Their  general formula in chemical notation is 
MX2, in which M is a transition metal element (e.g. Mo or W) and X is a chalcogen 
atom (e.g. S, Se, or Te).214 The length of M-M bond depends on the size of the 
transition metal and chalcogen ions, ranging from 3.15 Å to 4.03 Å.132 These values 
are larger than the bond lengths of the corresponding transition metal solids, 
indicating a poorest energetic and spatial overlap of the d orbitals.  
A single TMDs monolayer typically has a thickness of 6 - 7 Å and consists of three 
atomic layers, in which a transition metal layer is sandwiched between two chalcogen 
layers.132 Similar to the graphite structure, the intralayer metal-chalcogen bonds are 
covalent, while TMDs monolayers are vertically stacked together through van der 







In contrast to graphite, one of TMDs characteristics is the ability to form a variety of 
polymorphs.216 The most common polymorphs are shown in Figure 1 – 29. For 1T, 2H 
and 3R polytypes, the T stands for trigonal, the H for hexagonal and the R 
rhombohedral, whereas the digits indicate the number of X-M-X units in the unit 
cell.217 
 
Figure 1 - 29 Structural polymorphs of MoS2 bulk, including 2H, 1T and 3R phases. Taken 
(adapted) from reference 216.216 .  
The electronic structure of TMDs strongly depends on the coordination environment 
of the transition metal element and its d-electron count. This produces an array of 
electronic properties for diverse TMDs: HfS2 is an insulator, MoS2 and WS2 are 
semiconductors, WTe2 and TiSe2 are semimetals, and NbS2 and VSe2 are metals. 
Exfoliation of  this materials into mono- or few-layers can preserve their properties, 
and lead to new features thanks to quantum confinement effects.218–220 This thesis is 




 Exfoliated MoS2 
1.2.3.1 Structure and Properties 
Among the TMD series, molybdenum disulphide (MoS2) is the most widely studied. 
MoS2 has a sandwich-like S-Mo-S structure, where a planar network of molybdenum 
atoms is covalently linked, in out of-plane directions, between two layers of sulphur 
atoms. The bond angle between two S atoms and a Mo atom is 82°. However, while 
in the same layer the Mo-S and S-S distances are 3.16 Å and 2.41 Å, respectively, in 
different layers the perpendicular Mo-S and S-S distances are 1.58 Å and 3.17 Å, 
respectively, as shown in Figure 1 – 30.221  
 
Figure 1 - 30 The yellow and blue dots indicate S and Mo atoms in MoS2, respectively. 






In the MoS2 structure, the oxidation states of molybdenum and sulphur atoms are +4 
and −2, respectively, such that Mo4+ gives four electrons to fill the bonding states. 
The lone-pair electrons of sulphur atoms are located on the surfaces of the layers, 
thus the absence of dangling bonds makes MoS2 surface stable in presence of other 
surrounding species. 
Molybdenum disulphide is present in nature as “molybdenite”. This mineral is 
extremely soft due to the weak interlayer van der Waals interactions,215 which allow 
to layers to slide over one another. It is a dark solid with a metallic lustre, and is similar 
to graphite, to the point that is hard to distinguish between the two minerals without 
appropriate laboratory equipment. Like graphite, MoS2 is employed as dry 
lubricant222 and in high-vacuum applications. Unlike graphite, it does not need humid 

















Bulk MoS2 is a semiconductor with an indirect bandgap of ~1.2 eV,224,225 and is 
therefore of limited interest to the optoelectronic applications. Compared to the 
corresponding bulk, individual layers of MoS2 have different properties. Indeed, MoS2 
monolayer is a semiconductor with a direct bandgap of ~1.8 eV,204,225–231 exhibiting 
strong photoluminescence.227,229–234 This can be explained through the band 
structure diagram of bulk and monolayer MoS2 shown in Figure 1 – 31. The bulk 
material shows indirect-gap transition from the valence band maximum (VBM), at the 
Г point, to the conduction band minimum (CBM), between the K and Г points. 
Conversely, the monolayer exhibits direct gap transition at the K points. Indeed,  as 
the number of layers is reduced to single layer, the energy at the Г point is less than 
that at the K point in the VBM, and the energy between the K and Г points is higher 
than that at the K point in the conduction CBM.235 This broadly compensates the 
weakness of gapless graphene, showing promise in the next generation of 
optoelectronic devices.208,213,228,229,231,234  
 
Figure 1 - 31 Band structure diagram of (left) bulk and (right) monolayer MoS2. The red arrows 
indicate the indirect-gap transition for the bulk material from the Г point of the VBM, to the 
CBM between the K and Г points, and the direct-gap transition for the monolayer from the 






Depending on the coordination environments and stacking orders, MoS2 has different 
crystal phases. The two most common phases are the thermodynamically stable 2H 
phase236 and the metastable 1T phase,237 though synthetic MoS2 often contains the 
3R phase.132 The MoS2 electronic properties change drastically between 
polymorphs.217,230 In particular, while the 2H-MoS2 polymorph is a photoluminescent 
semiconductor,211 the 1T-MoS2 phase possesses a metallic behaviour.238 Structural 
crystal phases with the corresponding band structures of bulk 1T and 2H MoS2  are 
shown in Figure 1 – 32. 
 
Figure 1 - 32 (a) Structural polymorphs, with corresponding Mo4+ 4d orbital splitting, and (b, 








The diverse crystal phases can be differentiated by several techniques. For example, 
the Raman spectrum of bulk 2H-MoS2 in Figure 1 – 33 shows two strong peaks:239–241 
the E2g1 peak, corresponding to the in-plane vibration mode of Mo and S atoms in the 
basal plane, and the A1g peak, corresponding to the out-of-plane mode of S atoms; 
whereas, the Raman spectrum of bulk 1T-MoS2 shows four additional peaks: the 
three distinct peaks J1, J2 and J3, attributed to the longitudinal acoustic phonon modes 
of the S-Mo-S bonds in the 1T phase, and the E1g peak, arisen from the in-plane optical 
vibration of S atoms in the basal plane. In addition, shift of these peaks is employed 
to study the grade of exfoliation and the number of layers.240  
Figure 1 - 33 Comparison of Raman spectra of (a) 1T and 2H MoS2. The Raman spectrum of 
bulk 2H-MoS2 shows two strong peaks, E2g1 and A1g; while, in the case of 1T-MoS2 the distinct 
J1, J2, J3 and E1g peaks appear. Taken from reference 241.241 
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Molybdenum disulphide also exhibits characteristic absorption peaks.242 In the UV-
Vis spectra of MoS2 (see Figure 1 – 34), the A and B peaks, characteristic for MoS2 
dispersions, arise from the interband excitonic transitions at the K point of the 
Brillouin zone, while the C and D peaks can be assigned to the direct excitonic 
transition at the M point. 
 
Figure 1 - 34 UV-Vis spectrum of exfoliated 2H-MoS2. The A and B peaks correspond to the 
interband transitions at the K point of the Brillouin zone, whereas the C and D peaks to the 
direct transition at the M point. Taken from reference 242.242 
MoS2 monolayers also possess good mechanical properties: they are flexible,243 and 
have a stiffness comparable to steel and a high breaking strength.244 Moreover, their 
thermal conductivity at room temperature results to be 34.5 W/mK, which is 100 




1.2.3.2 Preparation Methods 
Various methods have been used for the synthesis of single-layer and few-layers of 
MoS2.246 Among the bottom-up approaches, chemical vapour deposition is the most 
reliable technique for controllable fabrication of nanoscopic MoS2 with high quality, 
scale-up capability and efficiency. It involves a chemical reaction to convert a 
precursor to the final MoS2 material. For example, in the work of Zhang et al.,247 a 
series of bilayer MoS2 were synthesised with variable structural configurations and 
tunable electronic and optical properties through a two-stage thermal CVD process 
(Figure 1 – 35). In the experiment, the Si substrates was placed facing down above 
the MoO3 powder in heating zone 2, while S powder was placed in the heating zone 
1. In the A-B stage, for the growth of the first MoS2 layer, the heating zone 2 was
heated to 700 °C  and the heating zone 1 become hotter due to the thermal radiation. 
In the C-D stage, for the growth of the second MoS2 layer, the temperature of heating 
zone 2 was further increased to 750 or 800 °C.  




Among the top-down approaches, the mechanical exfoliation of bulk MoS2 has the 
advantages of scalable production capability and less cost. For example, in the work 
of Lopez-Sanchez et al.,248 single layers of MoS2 were exfoliated from crystals of 
molybdenite using the scotch-tape technique pioneered for the production of 
graphene.133 This sticking-and-peeling process can be repeated until single MoS2 
monolayers are obtained. It produces high-quality crystalline monolayers, but the 
disadvantage is the low yield of monolayer products.  
Another top-down approach is the chemical exfoliation of MoS2 and consists in the 
ion intercalation between layers. This method is time consuming and removal of the 
ions results in reaggregation of the layers. Furthermore, the resulting layers tend to 
change its phase from 2H to 1T. However, Fan et al.249 provided an efficient route to 
obtain exfoliated 2H MoS2 by combining sonication-assisted lithium intercalation and 
infrared laser-induced phase reversion, as shown in Figure 1 – 36. 
 











Liquid-phase exfoliation also starts from the bulk material and consists in its 
sonication in solvents. This method breaks the bulk MoS2 down, producing small 
MoS2 flakes with random number of layers. To prevent the layers restacking over 
each other, a surfactant is often added to the solution.250 For example, Li et al.251 
obtained few-layer MoS2 by sonicating the MoS2 bulk in an aqueous sodium cholate 
solution (Figure 1 – 37). 
 
Figure 1 - 37 Schematic of the liquid-phase exfoliation of MoS2 bulk in presence of sodium 

















1.2.3.3 Surface Modification 
As already mentioned, exfoliated MoS2 materials have been used extensively in 
diverse research areas due to their extraordinary properties, which are often 
determined by the method of preparation. Tailoring colloidal stability, specific 
interactions and further reactivity of this layered material are typically obtained by 
surface modification. Chemical functionalisation at the surface of this 2-D material 
includes the interaction between a molecule and the unsaturated metal or chalcogen 
atoms at the edges, or defects of the basal plane. 
Intrinsic and extrinsic defects such as vacancies, point defects, and grain boundaries 
on MoS2 are inevitable during the production process. In this context, defects provide 
new opportunities to fine tune the physical and chemical properties of MoS2. On this 
background, surface functionalisation of MoS2 using sulphur vacancies and thiolated 
molecules has been reported.227,252 Chou et al.253 exploited the sulphur atom defect 
sites present on the exfoliated MoS2 surface to attach diverse thiolated ligands, as 
shown in Figure 1 – 38. This allowed to modulate the ζ-potential and colloidal stability 
of MoS2 layers, enabling its usage as selective protein receptor. 
 
Figure 1 - 38 Structural models showing functionalisation of MoS2 with and thiolated ligand 
exploiting MoS2 sulphur vacancies. Taken from reference 253.253 
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Voiry et al.232 describe a method for the covalent functionalisation of exfoliated MoS2 
by electron transfer between the negatively charged 1T MoS2 surface and an 
electrophilic organohalide reactant. As shown in Figure 1 – 39, this results in chemical 
groups that are covalently attached to the S atoms. This attachment on MoS2 surface 
changes the optoelectronic properties of the layered material. In particular, the 
authors demonstrated that the metallic 1T MoS2 is now semiconducting and possess 
strong and tunable photoluminescence. 
 
Figure 1 - 39 Chemical functionalisation of 2H MoS2 with organohalide reactant. Taken 
(adapted) from reference 232.232 
In a similar experiment, Knirsch et al.254 functionalised MoS2, exfoliated through 
lithium intercalation, with electrophilic aromatic diazonium salts, exploiting the 
negative charges presents on MoS2 surface (Figure 1 – 40). 
 






In another work, Tuci et al.255  efficiently decorated lithium-exfoliated MoS2 with phenyl-
azido groups, as shown in Figure 1 – 41. The presence of azido groups allowed, for the first 
time, the possibility to further functionalise MoS2 surface through Cu-catalysed azide alkyne 
cycloaddition (CuAAC) “click” chemistry.  
 
Figure 1 - 41 Chemical Functionalization of lithium-exfoliated MoS2 with aryl-azido groups. 
Taken (adapted) from reference 255.255 
The methods previously mentioned showed the chemical modification of 1T MoS2. 
The first successful chemical functionalisation of 2H MoS2 was reported by McDonald 
and co-workers.256 They found that the reaction of liquid-exfoliated MoS2 with 
different metal complexes led to the functionalisation of its surface, as shown in 
Figure 1 – 42. Functionalisation occurred through the coordination of the sulphur 
atoms on  MoS2 surface with the metal atom of the metal complexes, and the grade 
of functionalisation depends on the metal. 
 
Figure 1 - 42 Schematic representation of the and functionalization of 2H-MoS2 metal 






Recently, Vera-Hidalgo et al.,257 exploited the nucleophilic character of sulphur atoms 
to functionalise 2H-MoS2 with maleimide derivatives at room temperature via 
Michael addition (Figure 1 – 43). This opens the doors to new ways to further 
chemically functionalise exfoliated MoS2 surface, for example by thiol-Michael 
addition reaction. 
 
Figure 1 - 43 General scheme for the functionalization of 2H-MoS2 with maleimide derivatives. 


















1.2.3.4 Layer-by-layer Assembly 
Layer-by-layer (LbL) self-assembly is a versatile technique for fabricating multilayer 
nanomaterials with controlled architecture.258–260 As previously mentioned, the 
tunable MoS2 properties mainly depend on the numbers of layers, thus thickness 
control of exfoliated MoS2 is fundamental in device fabrication and biological 
research. 
The first successful fabrication of multi-layer MoS2 architecture by layer-by-layer 
assembly was reported by Joo et al.261 The assembled MoS2 structure was obtained 
by subsequentially mixing a positively charged polymers and the negatively charged 
exfoliated MoS2, followed by thermal treatment (Figure 1 – 44). The use of a 
polymeric spacer allowed to preserve the direct band gap of MoS2 as well as to 
improve its photoluminescence properties.  
 
Figure 1 - 44  Schematic representation of layer-by-layer assembly of MoS2 with polymer 










In another experiment, Ye and co-workers262 directed the assembly of exfoliated 
MoS2, functionalised with polyacrylic acid (PAA) and polyacrylamide (PAM), as shown 
in Figure 1 – 45. Multi-layered MoS2 were produced by immersing in a positively 
charged solution of PDDA, first a negatively charged solution of PAA-functionalised 
MoS2, then a positively charged solution of PAM-functionalised MoS2, and ultimately 
a negatively charged solution of PEDT-PSS.  
 
Figure 1 - 45 (a) Preparation of PAA-MoS2 and PAM-MoS2; (b) Lbl assembly of MoS2 films. 








Ushakov et al.263 assembled liquid-phase exfoliated MoS2 monolayers with 
alkyldiammonium ions in solution. The assembled MoS2 architecture was formed 
exploiting the strong NH···S hydrogen bonding interactions and stabilised by the 
weaker but more numerous CH···S interactions, as shown in Figure 1 – 46.  
 
Figure 1 - 46 Schematic of assembled MoS2 monolayers with alkyldiammonium ion. Taken 


















In another work, Pramoda et al.264 employed the Sonogashira coupling strategy to 
covalently assemble n-BuLi-exfoliated MoS2 layers, enhancing their hydrogen 
evolution activity. This strategy is of particular interest since it also allowed to 
covalently link MoS2 with reduced graphene oxide, displaying a high surface area and 
good CO2 storage capacity (Figure 1 – 47).  
 
Figure 1 - 47 Schematic representation of MoS2 and MoS2-RGO assemblies through 















It is fundamental to mention that the reversible assembly of exfoliated MoS2 
nanolayers opens new frontiers to smart MoS2-based applications. In this regard, 
Leong and co-workers265 linked DNA-functionalised MoS2 via DNA hybridisation of 
the thiolated DNA oligonucleotides anchored on MoS2 and an ATP aptamer, as shown 
in Figure 1 – 48. However, in the presence of target ATP molecules, the MoS2 
superstructure disassembled as a consequence of the stronger binding of ATP 
molecules with the linking aptamers. 
 

















1.3 Thesis Aims 
This thesis is organised in three main sections, with the shared aim of controlling the 
self-assembly of 1-D and 2-D nanomaterials in aqueous solution. Optical and 
microscopy-based characterisation were used to verify the dispersion in solution of 
the nanomaterials and to confirm their assembly by length/height increment. 
The first section focuses on single-walled carbon nanotubes (SWCNTs) and their non-
covalent functionalisation via a DNA-wrapping strategy, which allows them to be 
dispersed in aqueous solution. Subsequently, the dispersed DNA-wrapped SWCNTs 
were separated by length through size-exclusion high-resolution chromatography 
and covalently functionalised with organic molecules at their terminal ends. This 
demonstrates how diverse chemical groups at the end of single walled carbon 
nanotubes can lead to the formation of static linear junctions, linking the nanotubes 
through covalent bonds.  
In the second section, I present the covalent functionalisation of DNA-wrapped 
carbon nanotubes at their terminal ends with single stranded DNA oligonucleotides. 
By carefully designing the DNA sequences, it is possible to take advantage of the self-
recognition properties of DNA and form carbon nanotubes junctions through non-
covalent interaction. Indeed, the functionalisation of nanotubes with complementary 
DNA sequences at the SWCNT terminal ends forms linear nanotube junctions by DNA 
hybridisation. In addition, SWCNTs dynamic linear junctions have been obtained, 
exploiting the stimuli-responsive behaviour of specific DNA sequences. This allows to 
reversibly assemble and disassemble DNA-wrapped single-walled carbon nanotubes 








In the last section, a similar strategy was applied to exfoliated TMDs materials to 
confirm the versatility of the approach. In particular, few-layer MoS2 were obtained 
from the bulk material by its sonication in an aqueous sodium cholate solution. 
Liquid-phase exfoliated MoS2 were then functionalised with DNA strands and layer-
by-layer assembled by complementary base pairing. Finally, the disassembly of MoS2 
architecture was achieved by disrupting the DNA duplex forming the junction under 
different stimuli. 
The last chapter of this thesis will draw the general conclusions of the work, 

























CHAPTER 2: Materials and Methods 
2.1 DNA OLIGOMERS 
DNA sequences were designed with the help of “NUPAK” and “IDT OligoAnalyzer 3,1” 
online softwares. All DNA strands were purchased from IDT (Integrated DNA 
Technologies, Inc.). DNA strands were processed by desalted purification and 
functionalised DNA strands were processed by HPLC purification. 
Table 1 DNA strands (all sequences are reported from 5’ to 3’) 
(GT)20 GTG TGT GTG TGT GTG TGT GTG TGT GTG TGT GTG 
TGT GTG T 
(1) TTT TTT TTT TTT CC CAA TCC CAA TCC CAA TCC C 
(1’) TTT TTT TTT TTT CAC AAT CAC AAT CAC AAT CAC AAA 
AAA AAA 
(2) TTT TTT TTT TTT GT GAT TGT GAT TGT GAT TGT G 
(3) Biotin- AAA AAA AAA AAA 
(4) IowaBlackFQ- AAA AAA AAA AAA 
(5) CAATCACA -Cy3 
(6) ACA AGA AAG CAA GCA AAT CAG ATA ACA GCC ATA 
TTA TTT ACC TGA GCC TGC TGC ATA 
(SD1) TGG TGG GAT TGG GAT TGG GTG GTA TA 
(SD2) TAT ACC ACC CAA TCC CAA TCC CAC CA 
(I) Amine- CAG GCT CAG G 
(II) Biotin- CCT GAG CCT G 
(III) Amine- TGC TAT GCA GCA GGC TCA GG 
(IV) Biotin- CCT GAG CCT GCT GCA TAG CA 
(V) Amine- TGC TAT GCA GCG GTC AAC TAC AGG CTC AGG 
(VI) Biotin- CCT GAG CCT GTA GTT GAC CGC TGC ATA GCA 
(VII) TGC TAT GCA GCG GTC AAC TAC AGG CTC AGG CTG 
GGT AAG GGT AAG GGT AAG GGT AA -Amine 





2.2 CHEMICAL TECHNIQUES 
 SWCNT Oxidative Cutting via Acid Treatment 
For the experiments, HiPco carbon nanotubes (Carbon Nanotechnologies Inc.), H2SO4 
(95-98 wt %; SigmaAldrich) and HNO3 (69 wt %; VWR) were employed to cut SWNTs 
into open-ended tubes. Generally, 8 mg SWCNTs were suspended into 10 mL of a 3:1 
mixture of concentrated H2SO4/HNO3 and sonicated in a water bath (Sonics, 
VC130PB) for 15 min at a power of 3W and a temperature of 30 °C. Then, the SWCNT 
suspension was collected on 0.1 µm centrifugal filters (Merck Millipore Ltd.), washed 
with DI water and allowed to dry. 
 DNA-wrapping SWCNT Procedure 
Single-walled carbon nanotubes were dispersed in aqueous solution according to 
published DNA-wrapping procedure.106 Typically, 1 mL solution containing HiPco 
nanotube (1 mg/mL), DNA oligomer (GT)20 (1 mg/mL) and NaCl (0.1 M, Fisher 
Scientific™) was sonicated in an ice water bath for 90 min at a power of 3W. After 
sonication, the solution was divided into 0.1 mL aliquots, centrifuged for 90 min at 














 SWCNT Linear Junctions 
2.2.3.1 Direct Amidation 
Molecular junctions were obtained via amide bonds formation between the 
carboxylic functional groups present at the ends of DNA-wrapped SWCNTs and 
polyamine-terminated molecular linkers. Activation of SWCNT carboxyl groups in 
aqueous conditions was performed with the aid of coupling reagents in a buffer 
solution made with BupH™ 2-(N-morpholino) ethanesulfonic acid (MES) Buffered 
Saline Packs (ThermoScientific): 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 
hydrochloride (EDC, Sigma Aldrich) and N-hydroxysulfosuccinimide sodium salt 
(Sulfo-NHS, Sigma Aldrich). The activation of carboxylic groups by EDC is most 
efficient at acidic pH (pH= 4 – 5), and the Sulfo-NHS forms a more stable NHS ester 
with the acid for amidation reaction with primary amines. Then, the amidation 
reaction between the NHS ester and a polyamine-terminated linker is carried out 
with Dulbecco’s phosphate buffered saline (DPBS) at physiological conditions, as 
shown in Figure 2 – 1. 
 






In the experiment, the junction formation procedure follows that carried out by 
Palma et al.123 Typically, DNA-wrapped SWCNTs solution was added in a 1:1 ratio to 
a pH= 4.7 MES buffer solution (0.2 M) containing EDC (4mM) and Sulfo-NHS (10mM). 
The resultant solution was shaken and incubated at room temperature for 30 
minutes. Then, the solution was diluted with DPBS in a 1:1 ratio (final pH= 7.2) and 
left incubating for 1 hour. Finally, to form end-to-end SWCNT junctions, a solution 
containing a polyamino-linker (10nM) was added and incubated overnight. To 
increase linker coupling, a new solution of activated DNA-wrapped SWCNTs was 
subsequently added to the reaction mixture in 1:1 ratio and incubated overnight. 
2.2.3.2 Copper-free Click Chemistry 
An improvement of the amidation reaction to form SWCNT junctions relies on the 
use of “click” chemistry.  The term click chemistry was introduced by K. B. Sharpless 
in 2001 to describe a class of biocompatible reactions commonly used in 
bioconjugation.266 The classic click reaction is the copper-catalysed reaction (CuAAC), 
where Cu(I) can complex to a terminal alkyne and promote the reaction with an azide 
resulting in the formation of a 1,2,3-triazole. However, a strain promoted alkyne-
azide cycloaddition can be employed to enable the formation of 1,2,3-triazole 
isomers as shown in Figure 2 – 2. This strain promoted alkyne-azide cycloaddition, 
also termed as the “Copper-free Click Chemistry” reaction, uses a ring strain-
activated cyclooctyne molecule that exclusively and efficiently react with an azide. 
 
Figure 2 - 2 Schematic representation of the Copper-free Click Chemistry reaction between an 





In this work, 1,2,3-triazole linked SWCNTs were obtained by the reaction of SWCNT 
terminal-ends functionalised with cyclooctyne and azide functional groups, 
respectively. To introduce the appropriate biomolecules at the nanotube tips, the 
carboxylic defects present at the end of DNA-wrapped SWCNTs were exploited and 
reacted with amino-functionalised cyclooctynes or azide via amidation reaction as 
described in paragraph 2.2.3.1. Then, cyclooctyne and azide functionalised SWCNTs 
were mixed 1:1 ratio and incubated overnight at physiological conditions. This 
allowed the formation of 1,2,3-triazole that linked SWCNT ends 
2.2.3.3 DNA Hybridisation  
Nitrene [2+1] Cycloaddition. To functionalise DNA-wrapped single-walled carbon 
nanotubes, 50 µL of DNA-wrapped SWCNTs solution were mixed with methanol (at a 
final volume of 1 mL) and divided into two equal aliquots. The first aliquot was mixed 
with (1) or (1’) 5’-azido-modified DNA strands (at a final concentration of 2 µM), the 
second with (2) 5’-azido-functionalised DNA strands (at a final concentration of 2 
µM), and then both UV-irradiated for 10 min with a 400W medium pressure 
immersion mercury lamp (Photochemical Reactors Ltd). After irradiation, the free 
DNA in the samples was removed by 3 min centrifugation at 15,000 × g with 
centrifugal filters (Amicon Ultra 100 kDa, Millipore). The centrifugation process was 
then repeated three times and finally the samples were re-dispersed in 100 µL NaCl 
(0.1 M) solution. 
DNA-linked SWCNT Junctions Formation. Samples (150µL volume) at pH= 7 were 
prepared as follows: 10 µL of (1)-functionalised or (1’)-functionalised SWCNTs and 10 
µL of (2)-functionalised SWCNTs were mixed in a buffered solution (2 mM MOPS, 







SWCNT Junctions Labelling. 10 µL of the previously made (1)/(2)-linked SWCNT 
junctions solution and (3) (at a final concentration of 100 nM) were mixed and 
incubated for 1 hour at room temperature. Afterwards, the solution was drop-cast 
on mica (Agar Scientific) pre-treated with MgCl2 solution and incubated for 10 min. 
Finally, 10 µL of streptavidin solution (500 nM, Invitrogen™) was deposited on the 
mica substrate, incubated for 10 minutes, rinsed with MilliQ water and blown-dried 
with compressed air. 
pH-controlled Disassembly. 50 µL of the (1)/(2)-linked SWCNT junctions solution was 
acidified (pH= 5) by addition of acetic acid (10% vol/vol, VWR Chemicals) and 
incubated for 1 hour at room temperature.  
SWCNT junctions disassembly via strand-displacement. 50µL of (1)/(2)-linked SWCNT 
junctions solution was mixed with 2µL of (SD1) (at a final concentration of 100 µM) 
and incubated for 1 hour at room temperature.  
 SWCNT-QD Nanohybrid Assembly 
DNA-wrapped SWCNTs were functionalised dsDNA linkers bearing amino functional 
groups via amidation reaction as described in Paragraph 2.2.3.1. The (I)/(II), (III)/(IV) 
or (V)/(VI) dsDNAs were hybridised in DPBS at a concentration of 2.5 × 10−6 M. The 
dsDNAs were added in a tenth of the total reaction volume giving a final 
concentration of 250 × 10−9 M, and the solutions were shaken at room temperature 
overnight. Excess linker was removed by dialysis against 1 × TAE buffer with 0.1 M 
NaCl using Slide‐A‐Lyzer MINI Dialysis Devices with a 20 kDa cut-off 
(ThermoScientific). To conjugate QD to SWCNT, a solution of Qdot 585 Streptavidin 
Conjugate (100 × 10−9 M) was added to freshly dialysed SWCNT−DNA solution (10, 
20, or 30 bp) to give a final concentration of 5 × 10−9 M. The reaction was shaken for 
40 hours at room temperature in the absence of light. This QD concentration was 
found to be optimum for maximising the functionalisation of DNA-wrapped SWCNTs 




For the dynamic system, the partial (VII)/(VIII) dsDNA linker employed was attached 
to the ends of DNA-wrapped SWCNTs as for the 10, 20, and 30 bp DNA linkers. The 
QDs were conjugated with (VI) by mixing the QDs (100 × 10−9 M) and the DNA strands 
(10 × 10−6M) in 1 × TAE with 0.1 M NaCl. This solution was placed in a polymerase 
chain reaction (PCR) machine (Hybaid PCR Sprint), heated to 47 °C and then cooled 
(at 0.1 °C per minute) to room temperature. The QD‐DNA conjugates were filtered in 
Amicon Ultra‐0.5 mL Centrifugal Filters (100 kDa cut-off) three times at 15,000 × g 
and mixed with the SWCNT‐DNA solution (final QD concentration of ~ 5 × 10−9 M). 
The solution was then shaken at room temperature for 40 h in the absence of light. 
To contract or extend the SWCNT-QD distance, KCl (40 × 10−3 M) or Cryptand 222 (25 
× 10−3 M) were respectively added: upon contraction of the structure due to the 
formation of the G quadruplex, DNA sequence (VIII) de-hybridised from (VII). 
 MoS2 Liquid-phase Exfoliation 
Exfoliated MoS2 were obtained from the bulk material according to published liquid-
phase exfoliation procedure.265 Generally, 1mL aqueous solution containing bulk 
MoS2 powder (5 mg/mL; Sigma-Aldrich) and sodium cholate (1.5 mg/mL; Sigma-
Aldrich) was sonicated for 24 hours at a power of 3W. After sonication, the black 
dispersion was centrifuged at 3,000 × g and the yellow supernatant collected. The 
supernatant was then centrifuged at 4,000 × g and the sediments were re-dispersed 
in 1 mL of deionized water. This washing process was repeated three times in order 








 DNA-functionalisation of MoS2 Nanosheets 
5’-thiolated DNA oligos ordered from IDT are shipped in their oxidised form and 
require a reduction process to remove the protecting group before their use. The 
reducing process employed is a TCEP (Tris[2-carboxyethyl] phosphine) treatment, 
which consists in incubating for two hours an aqueous solution containing 10 mM 
TCEP and 100 μM thiolated DNA oligos at room temperature.  
To functionalise the MoS2 surface with thiol-modified DNA, 20 μL of exfoliated MoS2 
solution were mixed with 2 μL of 5’-thiolated DNA strands solution (100 μM) and 
diluted into 200 μL of buffer solution (1 × TAE; Invitrogen™). The resulting solution 
was then sonicated for 1 min and incubated for 5 h at room temperature. To remove 
the excess of DNA, the solution was then centrifuged at 4,000 × g for 30 min and the 
sediments re-dispersed in 100 μL of deionized water. 
 LbL Assembly of Exfoliated MoS2 
Static Junctions Formation. Equal amounts of (1’)-functionalised exfoliated MoS2 and 
(2)-functionalised exfoliated MoS2 solutions were combined in a buffer solution, 
containing MOPS (2mM) and NaCl (400mM). The mixture was then incubated and 
gently shaken for 1 h. 
Dynamic Junctions Formation. To drive the Layer-by-layer assembly of the exfoliated 
MoS2, a pH= 8 solution, containing 2mM MOPS, 400 mM NaCl, and equal amounts of 
(1)-functionalised exfoliated MoS2 and (2)-functionalised exfoliated MoS2, was 
incubated and shaken for 1 h. To induce the acidic pH-stimulated disassembly, the pH 
of the solution was changed from 8 to 5.5 by adding 1 mM HCl and incubated for 30 
min at room temperature. The disassembly via strand displacement mechanism was 







2.3 SIZE-EXCLUSION HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 
Size-exclusion high-performance liquid chromatography is a chromatographic 
method that allows to separate polydisperse solutes by their size at isocratic 
condition. As previously mentioned in the paragraph 1.1.3.2, SEC-HPLC is a powerful 
analytical technique that allows to separate DNA-wrapped SWCNTs by their length.  
 
Figure 2 - 3 Schematic mechanism of SEC-HPLC separation. [A] Sample is injected into the 
column and forced by a high-pressure solvent flow through the column. [B] As the sample 
flows through the column, solute is separated by size. [C] Large solute do not interact with 
the medium and is eluted first, while [D] small solute is trapped into the pores and eluted 
later. Finally, the solute eluted is analysed by an inline UV-Vis absorption detector and 
collected. Taken from mychem.ir 
A good visual aid to understand the separation mechanism in SEC-HPLC is shown in 
Figure 2 – 3. In a typical separation process, the medium, a porous and inert gel matrix 
of spherical particles, is tightly packed into a hollow column to form a packed bed. 
The medium is chosen for its lack of reactivity and adsorptive properties toward the 
sample. A solvent travels down the column at high pressure. The liquid inside the 
pores, stationary phase, is in equilibrium with the liquid outside the spherical 
particles, mobile phase. The sample is then injected and forced by the mobile phase 
through the column. Large solute particles are eluted more quickly than small solute 
particles. Indeed, smaller solute particles penetrate every region of the mobile phase 
and are trapped into the pores, while larger solute particles pass through the column 
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because too large to enter into as many pores. Therefore, as the sample travels down 
the column, the solute is separated by size and eluted isocratically. Finally, the eluent 
is collected in constant volumes, known as fractions. More similar the eluted particles 
are in size, more likely they are in the same fraction. The use of an inline UV-Vis 
absorption detector allows to determine the concentration of the eluted particles. 
For a solute, the time from injection to detection is named retention time and it is a 
measure of the time taken to flow through the chromatography column. The visual 
output of the detector is termed chromatogram and monitors the signal in the 
detector over retention time. In the case of an optimal SEC-HPLC separation, different 
peaks on the chromatogram correspond to different fractions of the separated 
sample. 
In this work, the separation of DNA-wrapped SWCNTs follows an enhanced 
procedure to that carried out by Huang et al.117 In the experiments, a 1.5 mL seat 
capillary (Agilent Technologies) and three columns (Sepax technologies, Inc) 
connected in series, with pore size of 2000 Å, 1000 Å and 300 Å respectively, were 
mounted on a HPLC system (Agilent 1100 Series). The surface functional groups of 
the medium, 5 µm silica beads, are negatively charged to prevent the adsorption by 
the phosphate groups of DNA. In a typical run, 300 µL of DNA-wrapped SWCNTs 
solution were eluted with a pH= 8 buffer solution, containing MOPS (10 mM) and 
NaCl (0.2 M), at a flow rate of 0.25 mL/min. Eluent, containing only length sorted 
DNA-wrapped single-walled carbon nanotubes, was collected from min 33 to min 44 







2.4 MICROSCOPY TECHNIQUES 
 Atomic Force Microscopy 
Atomic force microscopy (AFM) was developed in 1986 by Binning et al.267 to 
investigate the surface of samples with low electrical conductivity. It is a very high-
resolution scanning probe microscopy (SPM), with resolution on the order of a 
nanometre.268 The information is gathered by moving a sharp tip, attached to the end 
of a spring-like cantilever, with a radius usually ~10 nm over the surface of the 
sample. A precision positioning device, usually made of a piezoelectric tube, is used 
to move the sample or the tip. When the probe tip is brought sufficiently close to the 
sample surface, the forces between the tip and the sample surface cause up and 
down motions of the cantilever in line with the Hooke’s law. Indeed, according to the 
Hooke’s law, the applied force (Fs) equals a constant (k) times, that depends on the 
material and dimensions of the cantilever, the motion of the cantilever in length (x), 
as stated by the following formula:  
𝑭𝒔 = 𝒌𝒙 
By monitoring the warping of the cantilever, it is possible to map surface morphology, 
as shown in Figure 2 – 4. Cantilever deflections are monitored by using a laser beam 
that is targeted on the back of the cantilever and reflected by a mirror onto a position-
sensitive photo detector. Thus, the motion of the cantilever is directly proportional 
to the output of the detector. It is the change in positions of the beam in the sensor 
that allows the mapping of sample surface. A feedback control is commonly 





Figure 2 - 4 Schematic diagram of the principles of  an AFM. A probe sharp tip is fixed to the 
free end of a flexible cantilever. Optionally, a piezoelectric element oscillates the cantilever. 
The sample is mounted on a stage scanner. The scanner is composed of three piezo 
components, which control the x, y, and z directions of the sample. The photodetector records 
the deflection and motion of the cantilever by means of a reflected laser beam from a laser 
source. Taken from amyhallr.wordpress.com 
The overall interactions between the probe tip and the sample surface can be 
estimated as van der Waals and repulsive forces. These interactions can be explained 
by the Lennard – Jones potential:  











Where U is the intermolecular potential between two molecules or atoms; ɛ is the 
depth of potential well; d is the inter-atomic distance between particles (tip-sample 
distance); σ is the distance at which the potential is zero; the term proportional to 
(1/d)12 describes the Pauli repulsion at short distances; and the attractive term 
proportional to (1/d)6 dominates at long distance and it models the van der Waals 




Figure 2 - 5  Lennard-Jones potential and AFM modes: contact (blue) and non-contact (red). 
Taken (adapted) from reference 269.269 
Figure 2 – 5 displays the relationship between tip-sample forces and distance. The 
graphic shows two important distance regimes, repulsive and attractive, where 
different interactions dominate: at small distance (d < 2 Å), a strong repulsive 
interaction appears due to the overlapping orbitals between the tip and the sample ; 











According to the two distance regimes, three main different AFM modes can be 
described:  
- In contact mode, the probe tip is kept in direct contact with the sample surface 
(repulsive regime). Although this mode is suitable for obtaining high-resolution 
images, the friction force may cause problems for stable imaging. 
- Non-contact mode is employed to measure weak attractive forces between the 
tip and the sample surface. It does not suffer from tip or sample damage, 
sometimes observed in contact mode, and makes non-contact mode suitable for 
the imaging of soft samples, e.g. biological samples and organic thin film. 
- Tapping mode is a combination of both contact and non-contact modes, and the 
AFM tip oscillates at or just below its resonant frequency, while the tip is scanning 
the surface. Taking advantage from the oscillating contact, this mode acquires an 
improved lateral resolution compared to non-contact mode, without damaging 
soft sample surface as contact mode. 
PeakForce Tapping, with ScanAsyst image optimisation software, is the method of 
imaging used in this work. It operates similarly to tapping mode, by intermittently 
contacting the sample surface, but the probe tip oscillates well below its resonance 
frequency. This allows to precisely control the probe-to-sample interaction. The 
enhanced force control results in the highest resolution AFM imaging for a wider 




Figure 2 - 6 Force diagram and schematic of AFM tip deflections in PeakForce Tapping. Taken 
from Bruker. 
Figure 2 – 6 shows the force versus time diagram and the schematic of when the 
probe tip interacts with the sample: the top curve describes the probe motion; and 
the latter represents the forces measured during the approach (blue) and the 
withdrawal (red) of the probe to the sample surface. In particular, when the probe 
tip is well distant from the surface, there is no interaction (A). As the probe 
approaches the sample, the cantilever is deflected toward the sample surface due to 
the attractive forces (B) and the tip is in contact with the surface until the repulsive 
forces lead to the peak point at the approaching curve (C). When the probe tip starts 
to withdraw, the force decreases until it reaches an adhesion minimum (D), usually 
due to capillary meniscus. Finally, the tip becomes free and far distant from the 
sample surface (E). 
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AFM imaging was carried out on a Bruker Dimension Icon system, with a NanoScope 
IV control unit (Figure 2 – 7). Air measurements were conducted with silicon nitride 
ScanAsyst probe tips, with a spring constant of 0.4 N/m from Bruke. AFM images were 
analysed with NanoScope Analysis (version 1.5, Bruker) software. 
 












 Transmission Electron Microscopy 
The first transmission electron microscopy (TEM) was demonstrated by Ernst Ruska 
and his mentor Max Knoll at the Berlin Technische Hochschule in 1931. However, the 
first commercial TEM was produced in 1939, and Ruska was awarded the Nobel Prize 
in physics in 1986 for its invention.270 TEM is a type of microscopy that uses a high 
energy beam of electrons as a source of illumination. A TEM image is generated from 
the interaction of the electrons and a very thin sample as the electron beam transmits 
through. Since the de Broglie wavelength of electrons is smaller than the wavelength 
of photons, the resolution for TEM images is greater than that from a light 
microscope.  
 




Figure 2 – 8 describes the general principle of TEM imaging. An electron gun 
generates a beam of electrons, which is focused into a thin and coherent beam by  
condenser lens. The electron beam is then restricted by a condenser aperture, 
excluding high angle electrons, hit the specimen and part of it is transmitted through. 
Generally, the specimen is an ultrathin section less than 100 nm thick or a suspension 
on a customised grid. The transmitted part is focused by objective lens into an image. 
Objective apertures can be employed to enhanced the contrast by blocking out high-
angle diffracted electrons from forming the image. Finally, the image is magnified by 
intermediate and projector lens and focused on a fluorescent screen. As some 
regions of the sample can absorb or scatter electrons, fewer electrons are 
transmitted and appear darker in a TEM image. Heavier atoms scatter electrons more 
intensely than lighter atoms, thus the areas with heavier atoms are the darker ones. 
TEM imaging of the samples was carried out by Qingyu Ye, PhD student in the group 
of Dr Matteo Palma, on a Jeol JEM 1230 TEM equipped with a 200 kV field emission 




2.5 SPECTROSCOPIC TECHNIQUES 
 Ultraviolet-Visible Spectroscopy 
 
Figure 2 - 9 Electromagnetic spectrum. Taken from Cyberphysics. 
The electromagnetic spectrum in Figure 2 – 9 shows the range of energies of 
electromagnetic radiation and their respective wavelengths and frequencies. The 
energy associated with a given segment of the spectrum is proportional to its 
frequency, as follow: 
𝑬 = 𝒉𝝂   with  𝝂 = 𝒄 𝝀⁄  
Where E is energy, h is the Planck’s constant (6.6 × 10-34 J⋅s), ν is the frequency, c is 








When an atom absorbs light, one of its electrons can be excited to a higher energy 
state. This movement of an electron from a lower energy level to a higher energy 
level, or vice versa, is called electronic transition. In order for a transition to occur, 
the energy of the photon absorbed must be equal (or greater) to the energy 
difference between the two levels. There are four possible types of transitions: π–π*, 
n–π*, σ–σ*, and n–σ*, as shown in Figure 2 – 10. 
 
Figure 2 - 10 Possible electronic transitions of p, s, and n electrons. Taken from Sheffield 
Hallam University. 
The absorption of a radiation by a substance is called absorbance and obeys to the 
Beer-Lambert law:  
𝑨 = 𝜺𝒄𝒍 
Where A is the absorbance, ε is a constant known as molar extinction coefficient and 
it is an intrinsic property of the substance, c is the molar concentration of the species 
and l is the optical path length.  
Ultraviolet-Visible (UV-Vis) spectroscopy is a quantitative technique in which light is 
absorbed by a sample. Despite being named UV-Vis, the wavelength range that is 
generally used ranges from 190-380 nm (near ultra-violet) to 380-740 nm (visible) to 
740-1,100 nm (near-infrared). UV-Vis spectroscopy measures the transmitted 
intensity of light passing through the sample, I, and compares it to the intensity of 
incident light at a given wavelength before it passes through the sample, I0. The ratio 
I/I0 is called transmittance, T, and it is expressed as a percentage. 
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The absorbance of a substance is related to the transmittance through the following 
relation: 
𝑨 = 𝒍𝒐𝒈𝟏𝟎  
𝑰𝟎
𝑰
= −𝒍𝒐𝒈𝟏𝟎 𝑻 
In a typical UV-Vis spectroscopy analysis (Figure 2 – 11), the light emitted by the light 
source passes through a monochromator, which produces a monochromatic 
radiation by removing unwanted wavelengths. The monochromator comprises an 
entrance slit, a collimator mirror, a diffraction grating, a condenser mirror, and an 
exit slit. When the monochromatic light hit the sample cell, a part of the light is 
absorbed by the sample. In a single beam instrument, all of the light passes through 
the sample chamber and the remaining unabsorbed light reaches the detector. 
Conversely, in a double-beam instrument, the light is split into two beams before it 
reaches the sample: one beam is used as the reference, while the other beam passes 
through the sample. When the light reaches the detector, it is converted into an 
electrical signal.  
Optical absorption measurements of samples were carried out on a Cary 100 UV-
Visible Spectrophotometer from Agilent Technologies. 
 
Figure 2 - 11 Schematic of UV-Vis spectroscopy analysis. Taken from BiochemDen.com 
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 Fluorescence Spectroscopy 
 
Figure 2 - 12 Jablonski diagram showing the fluorescence process. The diagram is read from 
left to right: absorbance, vibrational relaxation and then fluorescence. Taken from the 
University of Colorado Boulder. 
Fluorescence is a complementary technique to UV-Vis absorption, since absorption is 
a requirement for the fluorescence process. The physics underlying the fluorescence 
process is illustrated by the Jablonski diagram in Figure 2 – 12.  As mentioned in the 
previous paragraph, when a substance absorbs a photon, an electron may be excited 
to a higher energy state, if the energy of the photon absorbed is equal (or greater) to 
the energy difference between the two states. However, in addition to the electronic 
orbital levels, a small amount of energy is intended for vibrational sublevels, above 
each electronic state. Generally, excited electrons relax rapidly to the lowest 
vibrational sublevel of the excited electronic state. This non-radiative process is called 
“vibrational relaxation” and causes thermal energy loss. Finally, the electron may 
drop back to one of the vibrational sublevels of the ground state, emitting a photon 
with energy equivalent to the energy difference of the transition. Therefore, 





Figure 2 - 13 Typical excitation-emission diagram, showing in yellow the absorbance spectrum 
of a substance at shorter wavelength (higher energy) and in green the resultant fluorescence 
spectrum at longer wavelength (lower energy). Peak intensity and/or wavelength of these 
two spectra may change with temperature, pH, concentration, and interactions with other 
molecules. This includes quenchers and molecules that involve an energy transfer. Taken from 
World Precision Instruments. 
The difference in energy or wavelength of the two photons is called Stokes shift. 
Figure 2 – 13 shows the Stokes shift between the absorbance spectrum of a substance 
at shorter wavelength and the resultant fluorescence spectrum at longer wavelength. 
It is important to note that not all substances electronically excited fluoresce; some 





Figure 2 - 14 A simplistic design of fluorescence analysis. Taken from the OPN Lab created by 
John Giannini and Chris Stewart. 
Figure 2 – 14 shows a schematic diagram of fluorescence spectroscopy. A high-
powered light source transmits light that passes through a filter or monochromator, 
and hit the sample. A proportion of the incident light is absorbed by the sample and 
light is emitted in all directions through a fluorescence process. Some of this 
fluorescent light passes through a second filter or monochromator and reaches a 
detector. The detector is placed at 90° to the incident light beam to avoid that 







Time-dependent fluorescence experiments were performed on an Agilent Cary 
Eclipse Fluorescence Spectrometer. 
Samples (150µL volume) were prepared as follow: 
- Time-dependent fluorescence investigation of pH-switch system  
10µL of (1)-functionalised SWCNTs and 10µL of (2)-functionalised SWCNTs were 
mixed with (4)-functionalised IowaBlackFQ (final concentration = 700 nM) and 
(5)-functionalised Cy3 (final concentration = 100 nM) in a pH 7 buffered solution 
(2 mM MOPS and 300 mM NaCl), and incubated for 1 hour at room temperature. 
Then, the solution was transferred into a plastic cuvette, the fluorophore (Cy3) 
excited at 520 nm and the emission signal collected at 562 nm. The temperature 
was set and maintained at 20°C throughout the whole analysis. The pH of the 
solution was switched between 5 and 7 by sequential additions of 0.6 µL acetic 
acid (10% vol/vol) or 0.75 µL of ammonia solution (1M, Sigma-Aldrich). 
- Time-dependent fluorescence investigation of strand-displacement system  
10 µL of (1)-functionalised SWCNTs and 10 µL of (2)-functionalised SWCNTs were 
mixed with (4)-functionalised IowaBlackFQ (final concentration = 700 nM) and 
(5)-functionalised Cy3 (final concentration = 100 nM) in a pH 7 buffered solution 
(2 mM MOPS and 400 mM NaCl), and incubated for 1 hour at room temperature. 
As for the pH-switch system, the fluorophore (Cy3) was excited at 520 nm into a 
plastic cuvette and the emission signal collected at 562 nm. The strand-
displacement was carried out by sequential additions of (SD1) and (SD2) at a final 
concentration of 2 µM. 
- Time-dependent fluorescence control experiment of pH-switch system in the 
absence of SWCNTs  
DNA strands (1) and (2) (both at final concentration of 30 nM) were mixed with 
(4)-functionalised IowaBlackFQ (final concentration = 700 nM) and (5) (final 
concentration = 100 nM) in a pH 7 buffered solution (2 mM MOPS and 300 mM 
NaCl), and incubated for 1 hour at room temperature. The solution was then 
transferred into a plastic cuvette, the fluorophore (Cy3) excited at 520 nm and 
the emission signal collected at 562 nm. The temperature was set and maintained 
at 20°C throughout the whole analysis. The pH of the solution was switched 
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between 5 and 7 by sequential additions of 0.6 µL acetic acid (10% vol/vol) or 0.75 
µL of ammonia solution (1M, Sigma-Aldrich). 
- Time-dependent fluorescence control experiment of strand-displacement system 
in the absence of SWCNTs 
DNA strands (1) and (2) (both at final concentration of 30 nM ) were mixed with 
(4)-functionalised IowaBlackFQ (at a final concentration of 700 nM) and (5)-
functionalised Cy3 (at a final concentration of 100 nM) in a pH 7 buffered solution 
(2 mM MOPS and 400 mM NaCl), and incubated for 1 hour at room temperature. 
Similar as previously described for the pH-switch system, the fluorophore (Cy3) 
was excited at 520 nm into a plastic cuvette and the emission signal collected at 
562 nm. The strand-displacement was carried out by sequential additions of (SD1) 




 Raman Spectroscopy  
 
Figure 2 - 15 Schematic of Rayleigh (green), Stokes (red) and Anti-Stokes (blue) Raman 
Scattering. Taken from Edinburgh Instrument. 
When light interacts with a substance, it may be absorbed, reflected or scattered. In 
a scattering process, light energy is absorbed, leaving the molecule in a “virtual” 
higher state. However, this virtual state is not stable and the photon is re-emitted. 
Most of the photons are scattered at the same energy, and therefore the same 
wavelength of the incident light: this process is termed elastic scattering or Rayleigh 
scattering (Figure 2 – 15). Conversely, about 10-7 of the light is scattered at a different 







The difference between the energy of the incident photon and the energy of the 
scattered photon is the called the Raman shift, and it is reported in wavenumbers 
(reciprocal of the wavelength). Raman shift (Δṽ) is calculated through the following 
equation, in which λ0 is the excitation wavelength and λs  the scattered wavelength: 







If the molecule gains energy from the photon when relaxing, the molecule is excited 
to a higher vibrational level and the energy of the scattered photon is less than that 
of the incident photon: this is called Stokes Raman scattering. A small number of 
molecules are already in a higher vibrational level when interact with light and can 
relax to a lower vibrational level, losing energy; in this case, the scattered photon 
gains the corresponding energy, resulting in higher energy than that of the incident 
photon: this is named Anti-Stokes Raman scattering. 
Raman spectroscopy was named after the physicist C. V. Raman who first observed 
Raman scattering in 1928 and won the Nobel prize in Physics in 1930 for its 
discovery.271 It is a non-destructive technique where the scattered light is used to 
measures the energy gap between the vibrational energy states of a sample. In a 
general Raman spectrum, the peak position provides a unique chemical and 
structural “fingerprint”, which can be used to identify a substance, and the peak 
intensity is directly proportional to the material concentration. However, calibration 






Figure 2 - 16 Schematic of the measurement principle of a Raman spectroscopy measurement. 
Taken from Anton Paar. 
In a typical Raman spectroscopy analysis (Figure 2 – 16), a monochromatic light beam, 
generated by a laser as light source with wavelengths in the visible to near-infrared 
range, hit the sample. After interaction of the incident light with the sample, the light 
is scattered in all the directions. The inelastically scattered light is then directed to a 
dispersive element and separated into different wavelengths. Finally, the dispersed 
light is analysed by a detector.  
Raman analysis of the samples was carried out on a Renishaw inVia confocal Raman 
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2.6 Samples Deposition 
For AFM imaging, muscovite mica discs (1 cm diameter; Agar Scientific) were cleaved 
three times with adhesive tape. Then,  100 μl of an aqueous solution of MgCl2 (1 M; 
Sigma Aldrich) were drop-cast on the substrate, subsequently wicked with a Kimwipe 
and blown dry with compressed air. For carbon nanotube samples, 10 μl of 100 times 
diluted SWCNT solution were drop-cast on mica disc, covered, and incubated for 20 
min. For MoS2 samples, 20 μL of sample solutions were drop-cast on freshly cleaved 
muscovite mica discs, covered and incubated for 30 min. Finally, the mica discs were 
rinsed with MilliQ water and dried gently with compressed air. 
For TEM imaging, 10 μL of MoS2 solution were drop-cast on a Holey Carbon Films 400 
Mesh Copper Grid (Agar Scientific Ltd) and air-dried at room temperature in a clean 
fume hood. 
For Raman analysis, 2 μL of MoS2 sample solution were drop-cast on clean silicon 
wafers (Silicon Quest International, Inc) and allowed to dry under air at room 
temperature. 
2.7 Statistical Analysis 
SWCNT length distributions and MoS2 lateral size were obtained by image-J 1.51j8 
software. MoS2 thickness analysis were obtained by NanoScope Analysis 1.5 













CHAPTER 3: SWCNT Static Linear 
Junctions 
 
As mentioned in Chapter 1, carbon nanotubes are of (nano)technological interest 
because of their nanoscale diameter and notable properties.272,273 The construction 
of SWCNT junctions120,123,124,274,275 has been widely explored for the fabrication of  
nano-electronic devices,276–278 including their use as nano-electrodes in molecular 
transport junctions and single molecule investigations.124,126,279–283 Different methods 
have been investigated for carbon nanotube junction formation;123,274,275,284 in this 
context, the controlled assembly of SWCNT linear (end-to-end) junctions through 
solution-processable approaches122–124,285,286 is particularly desirable for the low-cost 
fabrication287–289 of SWCNT-based devices.281,283 
In this chapter, we present a facile bottom-up approach for the in-solution assembly 
of individual SWCNTs through the formation of static linear junctions. The single-
walled carbon nanotubes employed in this study underwent a mild acid treatment 
and were dispersed in aqueous solution via a DNA-wrapping strategy, which also 
protects the nanotube sidewall; SWCNT dispersion was confirmed by UV-Vis 
spectroscopy analysis and AFM imaging. DNA-wrapped SWCNTs were then separated 
by means of SEC-HPLC to yield populations of tubes with well-defined length; this also 
allows to remove free DNA in solution. To quantify carbon nanotube length 
distribution in the fractions, DNA-wrapped SWCNTs were deposited on mica 
substrates and imaged with an atomic force microscope, and the nanotube length 
was then directly measured. To direct the end-to-end assembly of SWCNTs, chemical 
reactions were programmed to occur specifically at the carboxylic defects present on 
SWCNT tips. In particular, di-, tri- and tetra-amino molecular linkers were used for 
the formation of static linear junctions via direct amidation reactions. Junction 
formation was confirmed by comparing the length of the assembled DNA-wrapped 




In addition, we propose an improvement over the direct amidation linking strategy 
by means of strain-promoted cycloaddition reactions. In this case, two separate 
batches of DNA-wrapped single-walled carbon nanotubes, from the same fraction, 
were first in-solution end-functionalised with amino-cyclooctyne and amino-azide 
molecules, respectively, via amide bond formation. This led to the functionalisation 
of SWCNT ends with cyclooctyne and azido functional groups, respectively. The two 
solutions were then mixed and SWCNT static linear junctions were obtained by the 
formation of 1,2,3-triazole molecules that covalently join SWCNT tips. 
Finally, as proof of concept, reconfigurable SWCNT/QD hybrids were obtained by 
using DNA as molecular linker. Here, the SWCNT/QD distance was varied by exploiting 
the ability of particular DNA sequences able to respond to changes in the 
environment. Specifically, the formation of G-quadruplex DNA structure allowed to 














3.1 DISPERSION AND LENGTH SORTING OF SWCNTs 
 DNA-wrapping strategy 
HiPco single-walled carbon nanotubes were used in this study and dispersed in 
aqueous sodium chloride solutions via DNA-wrapping procedure.107 This resulted in 
a homogeneous black aqueous solution of SWCNTs as shown in Figure 3 – 1. The non-
covalent wrapping of ssDNA around the carbon nanotube allows the dispersion of 
the nanotubes in bio-compatible aqueous solutions as well as the protection of 
nanotube side-wall, leaving their tips available for further functionalisation. The 
successful dispersion of SWCNTs was verified spectroscopically, and through 
morphological characterisation. 
 











Figure 3 – 2 shows the UV-Vis-NIR absorption spectrum of DNA-wrapped HiPco 
SWCNTs solution diluted 50 times with DI water. The absorption spectrum of SWCNTs 
usually contains distinct peaks in the dispersion because diverse SWCNT chiralities 
express peaks at different wavelengths that correspond to an electronic transition. 
Since HiPco nanotubes contain many different chiralities, the spectrum is a 
superposition of absorption spectra of different (n,m)-SWCNTs. The broad peak at 
around 260 nm is the characteristic absorbance peak of DNA.  
 
Figure 3 - 2 Absorption spectrum of HiPco single-walled carbon nanotubes dispersed with 
ssDNA as dispersant. HiPco SWCNTs contain a mix chiralities, and the spectrum is a 
superposition of absorption spectra of different chiral-nanotubes. The broad peak at ~260 nm 








AFM imaging for the DNA-wrapped HiPco SWCNTs also confirms nanotube dispersion 
and indicates that the sample exhibits a tube-like structure. The sample does not 
show a uniform length distribution for DNA-wrapped SWCNTs. However, the helical 
wrapping of the nanotubes with DNA further enables the separation of SWCNTs by 
length via size-exclusion high-performance liquid chromatography. 
 











 Separation of CNTs by length 
Device applications need carbon nanotube length control. Furthermore, SWCNTs 
with controlled length can be exploited to confirm the formation of nanotube linear 
junctions, by comparing the length of DNA-wrapped carbon nanotubes before and 
after the self-assembly process. 
In order to obtain an uniform length distribution for both shorter and longer 
nanotube fractions, three columns in series, with different pore size, were employed 
in this work. There are many types of SEC-HPLC columns commercially available. 
Unfortunately, most of them are not suited for DNA-wrapped carbon nanotube 
separation due to the irreversible adsorption of dispersed nanotubes on the 
stationary phase. However, the specially designed Sepax CNT-SEC columns are 






















In our first experiment, the method follows the procedure carried out by Huang et 
al.,117 where 100 μL of DNA-wrapped SWCNTs solution were eluted with a pH 8 buffer 
solution (40 mM Tris, 0.2M NaCl and 0.5 mM EDTA). The chromatogram shown in 
Figure 3 – 4 exhibits the DNA-wrapped carbon nanotube elution profile obtained by 
SEC-HPLC. In the elution profile, the peak at around 25 min retention time 
corresponds to the eluted CNTs, while the peak at around 40 min retention time is 
identified as free DNA.117 Therefore, with SEC-HPLC it is also possible to purify the 
sample solution from free DNA.   
 
Figure 3 - 4 Chromatogram of DNA-wrapped carbon nanotubes by SEC-HPLC separation. 








To verify the length separation of the dispersed nanotubes, each fraction was imaged 
by AFM and a statistical analysis of the nanotube length distribution was performed 
from 100 randomly chosen tubes for each fraction. The uncertainty affecting the 
measured lengths of the nanotube nanostructures was estimated by the standard 
deviation (SD) values associated with the length distributions, as they appear in the 
AFM analysis; this is reported for all distributions (average length ± SD).  In Table 2 is 
reported the average length of fractions from minute 25 to minute 33; the nanotube 
length decreases according to the SEC-HPLC principle: longer SWCNTs are eluted first, 
while shorter SWCNTs are eluted later. Therefore, the different length distribution in 
each fraction confirms the possibility of separating the CNTs by length by SEC-HPLC.  
Table 2 Average length and standard deviation of sorted DNA-wrapped carbon nanotubes. 
Injection: 100 μL. Mobile phase: 40 mM Tris + 0.5 mM EDTA + 0.2 M NaCl, pH= 8. 
Sample Average length (nm) 
Fraction 25 571 ± 139 
Fraction 26 381 ± 72 
Fraction 27 299 ± 67 
Fraction 28 258 ± 51 
Fraction 29 211 ± 38 
Fraction 30 163 ± 26 
Fraction 31 130 ± 24 
Fraction 32 105 ± 19 










In order to increase the sample injection volume, a 1.5 mL seat capillary was then 
mounted on our HPLC system. This allowed to inject 250 μL of DNA-wrapped SWCNTs 
solution for SEC-HPLC separation. The chromatogram in Figure 3 – 5 shows a similar 
elution profile to that in Figure 3 – 4. However, compared to the previous separation 
experiment, the chromatogram results in a ~5 min retention time shift due to the 
seat capillary and in a higher optical density (OD) at 280 nm as consequence of the 
higher volume injected.   
 
Figure 3 - 5 Chromatogram of DNA-wrapped carbon nanotubes by SEC-HPLC separation. 









The strategy employed in this chapter to form linear junctions between SWCNTs 
consists in exploiting the carboxyl defects present at the end of the carbon 
nanotubes. As previously mentioned, to disperse the nanotubes in aqueous solution, 
SWCNTs were sonicated with ssDNA to form DNA/SWCNT hybrids. When carbon 
nanotubes are sonicated in water, they can present carboxylic functional groups on 
their surface as a result of the use of ultrasound.290 Hydrogen and hydroxyl free 
radicals are in fact generated upon sonication in water and can either combine to 
form H2, H2O2, and H2O or oxidise carbon nanotube surface.291 
However, to increase the chances to have carboxylic groups at the nanotube ends, 
further oxidative treatments were carried out on the SWCNTs prior their dispersion 

















In the following experiment, SWCNTs were sonicated with a 5 M HNO3 solution for 
6h and we further increased the volume injection to 300 μL of oxidised DNA-wrapped 
SWCNTs solution. Figure 3 – 6 indicates that a strong acid treatment highly reduces 
the carbon nanotubes length. In fact, the CNT peak at around 30 min retention time 
results in a lower OD signal compared to that in Figure 3 – 5 and the broad peak at 
around 50 min is mostly due to the smallest tubes generated after acid treatment 
with HNO3.   
 
Figure 3 - 6 Chromatogram of DNA-wrapped carbon nanotubes by SEC-HPLC separation. 
Injection: 300 μL. Mobile phase: 40 mM Tris + 0.5 mM EDTA + 0.2 M NaCl, pH= 8. Acid 







In this case, to increase the number of carboxyl defects on SWCNT surface, a different 
acid treatment was used. Carbon nanotubes were sonicated at 30° C for 45 min with 
a 3:1 ratio H2SO4/HNO3 solution and then refluxed for 30 min before the wrapping 
with ssDNA.  This allows to functionalise SWCNT tips with diverse molecules through 
amidation reactions between amino moieties and the carboxyl groups present at the 
nanotube ends. Unfortunately, the amino group and the four acetic groups in Tris 
and EDTA, respectively, make the mobile phase employed so far unsuitable for our 
purpose. A strategy relies on the solvent exchange of the fractions by centrifugal 
filtration; however, this method reduce the SWCNT concentration as many 
nanotubes stuck on the filter. Therefore, a different mobile phase is needed for the 
SEC-HPLC separation. For this, dispersed carbon nanotubes were eluted with a pH 8 
DPBS solution. Figure 3 – 7  comes from oxidised DNA/SWCNT solution eluted with 
DPBS and it distances itself from the reference graph.117 
 
Figure 3 - 7 Chromatogram of DNA-wrapped carbon nanotubes by SEC-HPLC separation. 
Injection: 300 μL. Mobile phase: DPBS, pH= 8. Acid treatment: HiPco nanotubes sonicated at 
30° C with H2SO4/HNO3 for 45min and then refluxed for 30 min. 
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In the following experiment, 300 μL of the same acid treated DNA-wrapped SWCNTs 
solution were eluted with a new pH 8 buffer solution, containing 10 mM MOPS and 
0.2 M NaCl. The chromatogram in Figure 3 – 8, similarly to that in Figure 3 – 6, shows 
a wide peak at around 50 min retention time, indicating that this acid treatment has 
highly reduced the tubes length, but overcome the issue of primary amine of Tris 
interfering with the coupling between SWCNTs and amino moieties. 
 
Figure 3 - 8 Chromatogram of DNA-wrapped carbon nanotubes by SEC-HPLC separation. 
Injection: 300 μL. Mobile phase: 10mM MOPS + 0.2 M NaCl, pH= 8. Acid treatment: HiPco 








To avoid an excessive SWCNT cutting, HiPco nanotubes were sonicated at 30° C for 
15 min in a 3:1 volume ratio of H2SO4:HNO3 solution without reflux. In Figure 3 – 9 is 
shown a topographic AFM image of acid-treated DNA-dispersed SWCNTs before 
length separation by SEC-HPLC. Here, the polydispersed carbon nanotubes suggest 
that the oxidation process employed does not strongly reduce SWCNT length. 
 








To obtain a uniform length distribution of the above acid-treated SWCNTs, the 
nanotubes were DNA-dispersed and SEC-HPLC separated with a pH 8 mobile phase 
containing 10mM MOPS + 0.2 M NaCl. Figure 3 – 10 shows a chromatogram with a 
similar elution profile to that shown  in Figure 3 – 5, which suggests a uniform SWCNT 
length distribution in the fractions. 
 
Figure 3 - 10 Chromatogram of DNA-wrapped carbon nanotubes by SEC-HPLC separation. 
Injection: 300 μL. Mobile phase: 10mM MOPS + 0.2 M NaCl, pH= 8. Acid treatment: HiPco 










Fractions were collected each minute from min 33 to min 44 and UV-Vis-NIR 
absorption analysis was then performed for each fraction (Figure 3 – 11) to confirm 
the presence of SWCNTs and no changes in their optical properties after oxidation. 
 
 
Figure 3 - 11 UV-Vis-NIR absorption spectra of fractions 33 to 44 from the SEC-HPLC 
separation described in the text. 
AFM images and corresponding length distribution of fractions 36, 38 and 42 are 
shown in Figure 3 – 12. The three DNA-wrapped SWCNT fractions exhibit an average 
length and standard deviation of 329 ± 125 nm, 247 ± 99 nm and 123 ± 59 nm, 
respectively for fraction 36, 38 and 42. A comparison of the tube average length of 
the three fractions confirms that the tubes eluted first are longer than tubes eluted 
after. Relative frequency in the plots is defined as the number of carbon nanotube 





Figure 3 - 12 a) AFM image of fraction minute 36 (left), statistical analysis of SWCNT length 
distribution results in 329 ±125 nm (right); b) AFM image of fraction minute 38 (left), 
statistical analysis of SWCNT length distribution results in 247 ± 99 nm (right); and c) AFM 
image of fraction minute 42 (left), statistical analysis of SWCNT length distribution results in 
123 ±59 nm (right). 
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Finally, a statistical analysis of the SWCNT lengths distribution was performed from 
100 randomly chosen carbon nanotubes for each fraction to confirm a uniform 
distribution. In Table 3 is reported the average tube length of fractions from minute 
33 to minute 44, where longer SWCNTs are eluted earlier than shorter SWCNTs. This 
confirms the possibility of separating the DNA-wrapped SWCNTs by length with our 
improved  SEC-HPLC method. 
Table 3 Average length and standard deviation of sorted DNA-wrapped carbon nanotubes. 
Injection: 300 μL. Mobile phase: 10mM MOPS + 0.2 M NaCl, pH= 8. Acid treatment: HiPco 
nanotubes sonicated at 30° C with H2SO4/HNO3 for 15min. 
Sample Average length (nm) 
Fraction 33 413 ± 100 
Fraction 34 388 ± 148 
Fraction 35 351 ± 106 
Fraction 36 329 ± 125 
Fraction 37 258 ± 60 
Fraction 38 247 ± 99 
Fraction 39 197 ± 102 
Fraction 40 155 ± 79 
Fraction 41 130 ± 61 
Fraction 42 123 ± 59 
Fraction 43 121 ± 77 









3.2 SWCNT JUNCTION FORMATION 
 Direct Amidation 
To form SWCNT junctions , a EDC/Sulfo-NHS strategy was undertaken as reported in 
published procedures.105,124 The mild oxidative treatment generates carboxyl groups 
on the carbon nanotube surface, which react with primary amines resulting in a 
covalent amide bond. The DNA-wrapping strategy protects the nanotube side-walls 
and polyamine molecules would then link SWCNT tips to form end-to-end junctions 
via amidation reaction. SWCNT junctions were formed as described in Chapter 2, then 
solutions were drop-cast onto mica disks and imaged via AFM. AFM images were 
analysed by measuring the lengths of DNA-wrapped SWCNTs with image-J software.  
The carbon nanotubes employed for the experiments were dispersed and length-
sorted in aqueous solution as explained in paragraph 3.1. The average nanotube 















The polyamine linkers, here employed as SWCNT molecular junctions, are as follows: 
4,4``-diamino-p-terphenyl, 1,3,5-Tris(4-aminophenyl)benzene and 5,10,15,20-
Tetrakis(4-aminophenyl)porphyrin (see Figure 3 – 13). 
 
Figure 3 - 13 The three different molecules employed as linkers: 4,4``-diamino-p-terphenyl, 








3.2.1.1 Linker: 4,4``-diamino-p-terphenyl 
 
 
Figure 3 - 14 Schematic pathway of an amidation reaction to form SWCNT static linear 
junctions employing a diamino linker. 
In Figure 3 – 14 is described the schematic mechanism to form SWCNT static linear 
junctions employing 4,4``-diamino-p-terphenyl molecule as diamino linker. The 
carboxyl groups present at the nanotube ends are activated by EDC/Sulfo-NHS and 
the tips of two SWCNTs are bridged by a diamino linker.  
Figure 3 – 15 shows the AFM image of the assembled carbon nanotubes and the 
corresponding tube length distribution. The average length of the DNA-wrapped 
SWCNT segments is found to increase from 247 ± 99 nm for the SWCNT starting 
material to 387 ± 213 nm when reacted with 4,4``-diamino-p-terphenyl molecule in 





Figure 3 - 15 (a) AFM topographical image and (b) length distribution of DNA-wrapped 






3.2.1.2 Linker: 1,3,5-Tris(4-aminophenyl)benzene 
 
 
Figure 3 - 16 Schematic of a three-terminal molecular junction employing a triamino linker. 
In order to create Y-shaped end-to-end SWCNT junctions, a triamino molecule was 
employed to interconnected SWCNT tips via amidation reaction (see Figure 3 – 16). 
The AFM image and length distribution plot shown in Figure 3 – 17 arise from 
nanotubes assembled by employing 1,3,5-Tris(4-aminophenyl)benzene as triamino 
linker. The average length of carbon nanotube segments is found to increase from 
247 ± 99 nm for the SWCNT starting material to 409 ± 265 nm. The increased average 
tube length and increased standard deviation suggest the successful formation of 
SWCNT static junctions. The higher average tube length compared to that of SWCNTs 
assembled by using a diamino linker may be associated to the increased number of 
amino groups in the molecular linker. However, the almost total absence of a Y-shape 
configuration indicates that three-terminal junctions were not formed, probably due 




Figure 3 - 17 (a) AFM topographical image and (b) length distribution of DNA-wrapped 




3.2.1.3 Linker: 5,10,15,20-Tetrakis(4-aminophenyl)porphyrin 
 
Figure 3 - 18 Schematic of a four-terminal molecular junction employing a tetra-amino linker. 
Therefore, increasing the molecular linker size and the number of amino groups may 
improve the possibility of multi-terminal junctions. Porphyrin macrocycles can be 
modified with four amino groups and this could facilitate the formation of multi-
SWCNTs end-connected to a single molecular linker (Figure 3 – 18). In this regard, a 
5,10,15,20-Tetrakis(4-aminophenyl)porphyrin molecule was employed as tetra-
amino linker. Figure 3 – 19 shows DNA-wrapped SWCNTs to be significant longer 
(average length of 329 ± 265 nm)  than starting material. This indicates the formation 
of SWCNT junctions. The lower average tube length compared to that of nanotubes 
assembled by using diamino and triamino linkers may be associated to the increased 




Figure 3 - 19 (a) AFM topographical image and (b) length distribution of DNA-wrapped 





 “Click” Junctions 
An improved approach for the formation of SWCNT junctions was developed by 
means of a copper-free click chemistry strategy. The DNA-wrapped SWCNTs 
employed as starting materials for these experiments are the same employed in 
paragraph 3.2.1. Here, the carboxyl groups present on the carbon nanotube tips 
reacted with primary amines bearing cyclooctyne or azide functional groups via 
amidation reaction. This results in the formation of azido or cyclooctyne end-
functionalised SWCNTs. Upon mixing azido and cyclooctyne end-functionalised 
SWCNTs, carbon nanotubes were end-to-end linked by the formation of triazole 
conjugates as described in Chapter 2. SWCNT “click” junctions were verified by AFM 
imaging and statistical analysis of the average tube length. Figure 3 – 20 shows the 
azido and cyclooctyne molecules employed in this study: 4-azidoaniline 
hydrochloride, DBCO-amine and BCN-amine respectively. 
 
Figure 3 - 20 The three different molecules employed for the SWCNT “click” junction formation 
are: 4-azidoaniline hydrochloride, DBCO-amine and BCN-amine. 
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3.2.2.1 DBCO and azido end-functionalised SWCNTs 
 
 
Figure 3 - 21 Schematic pathway for the formation of SWCNT “click” junctions. 1a) end-
functionalisation of SWCNTs with DBCO-amine; 1b) end-functionalisation of SWCNTs with 4-
azidoaniline hydrochloride; 2) SWCNT “click” junction formation by mixing DBCO and azido 
end-functionalised SWCNTs. 
Figure 3 – 21 describes the schematic pathway for the formation of SWCNT “click” 
junctions employing 4-azidoaniline hydrochloride and DBCO-amine molecules. DNA-
wrapped SWCNTs solution was divided in two aliquots: the first aliquot was end-
functionalised with 4-azidoaniline hydrochloride, while the second one with DBCO-
amine via amidation reaction. The two aliquots were then mixed and SWCNTs were 
assembled by the formation of triazole conjugates. The increased average SWCNT 
length of 371 ± 209 shown in Figure 3 – 22 suggests the end-to-end junction 




Figure 3 - 22 (a) AFM topographical image and (b) length distribution of DNA-wrapped 
SWCNTs end-to-end assembled by copper-free click chemistry, employing DBCO and azido 





3.2.2.2 BCN and azido end-functionalised SWCNTs 
 
Figure 3 - 23 Schematic pathway for the formation of SWCNT “click” junction formation 
obtained by mixing BCN and azido end-functionalised SWCNTs. 
As the SWCNT steric hindrance may affect junction formation, a longer molecule at 
the nanotube tips could facilitate the SWCNT linking. For this reason, a third SWCNT 
aliquot was end-functionalised with BCN-amine, which contains a longer and flexible 
chain, via amidation reaction. As shown in Figure 3 – 23, azido and BCN end-
functionalised nanotubes were then mixed and DNA-wrapped SWCNTs were linked 
by the formation of a new triazole conjugate. Figure 3 – 24 shows the AFM image of 
the assembled carbon nanotubes and the corresponding tube length distribution 
plot. The average SWCNT length is found to increase from 247 ± 99 nm for the starting 
material to 509 ± 242 nm after triazole conjugate formation. This increase in average 




Figure 3 - 24 (a) AFM topographical image and (b) length distribution of DNA-wrapped 






3.3 SWCNT/QD HETEROSTRUCTURES 
Length sorted acid-cut DNA-wrapped SWCNTs produced in paragraph 3.1 were also 
employed for the formation of nano-heterostructures in collaboration with Dr Mark 
Freeley, postdoctoral research associate in the Palma group.126  As confirmed in the 
AFM image shown in Figure 3 – 25, we assembled individual SWCNTs with QDs by 
means of dsDNA as molecular linkers. The dsDNA linkers contain an amino group, 
used for the end-functionalisation of SWCNTs, and a biotin moiety for the interaction 
with streptavidin-modified QDs.  In order to regulate the SWCNT/QD distance, we 
changed the number of bases in the double-stranded DNA linker. In particular, 10, 20 
and 30 base-pair DNA linker were employed. 
Furthermore, reconfigurable SWCNT/QD heterostructures were constructed, where 
a Guanine(G)-rich sequence was employed as molecular linker. The QD distance from 
the end of the SWCNT could then be varied by the addition of K+, which induces the 
folding of the DNA strand into a G-quadruplex (G4) structure. The process was 
reverted by introducing into the system a cryptand 222, which possesses a strong 
affinity for K+. Indeed, when Cryptand 222  is added to the system, it removes the K+ 
from the G4 DNA linker. Removal of the metal cation permitted to bring the DNA 
linker back to its original extended conformation and to restore the distance between 
SWCNT and QD. The reversibility of the system was then confirmed by continuous 
fluorescence measurements, obtained while KCl and cryptand 222 were added one 
after the other. The fluorescence intensity was measured at 585 nm. When 2 μL of a 
1 M solution of KCl was added, the fluorescence signal dropped. The emission 
intensity was finally recovered by adding 1.25 μl of a 1 M solution of cryptand 222 




Figure 3 - 25 a) Schematic and AFM image for the SWCNT/QD heterostructures with three 
DNA linkers of different length; b) Scheme for the conformational changes of the SWCNT/QD 
nanohybrid with G4 DNA linker upon subsequentially addition of K+ and cryptand 222, and 




3.4 CONCLUDING REMARKS 
In summary, we have presented the controlled static linear assembly of individual 
SWCNTs via in-solution approaches. Pristine carbon nanotubes were oxidised 
through a mild acid cutting process that generates carboxyl defects on the nanotube 
surface. Specifically, HiPco nanotubes were sonicated at 30° C for 15 min in a 3:1 
volume ratio of H2SO4:HNO3 solution and then dispersed in water by means of ssDNA 
that wraps around the tube. This also allows to protect SWCNT surface from 
secondary reactions, leaving nanotube tips free for specific end-functionalisation. In 
addition, dispersed SWCNTs were length sorted by a size-exclusion technique. The 
separation process uses three specially designed Sepax CNT-SEC columns in series, 
with different pore size, mounted on an HPLC system. DNA-wrapped SWCNTs were 
eluted with a pH 8 mobile phase, containing 10mM MOPS and 0.2M NaCl, and 
fractions were collected each minute from min 33 to min 44. Uniform length 
distribution of the fractions was then confirmed by AFM imaging and statistical 
analysis of the SWCNT length. The end-to-end assembly strategy used in this chapter 
relies on the covalent attachment of molecular linkers at the SWCNT ends via 
amidation reactions between the activated carboxyl groups on nanotube tips and 
amino functionalised linkers. In Table 4 are listed the molecular linkers employed for 
SWCNT linear junction formation with corresponding length. The average length of 
the SWCNTs used as starting material for junction formation is of  247 ± 99 nm, 
corresponding to Fraction 38 (highlighted in orange). Static linear SWCNT junctions 
were obtained with two strategies: direct amidation and copper-free click chemistry. 
Table 4 List of molecular linkers employed for SWCNT static linear junctions. Highlights: no 
linker (orange), direct amidation (yellow), copper-free click chemistry (green). 
Molecular linker Average SWCNT length (nm) 
none 247 ± 99 
4,4``-diamino-p-terphenyl 387  ± 213 
1,3,5-Tris(4-aminophenyl)benzene 409 ± 265 
5,10,15,20-Tetrakis(4-aminophenyl)porphyrin 329 ± 162 
DBCO-amine + 4-azidoanaline hydrochloride 371 ± 209 
BCN-amine + 4-azidoanaline hydrochloride 509 ± 242 
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For the direct amidation, SWCNT ends were bridged by the use of poly-amine linkers 
(highlighted in yellow). When 4,4``-diamino-p-terphenyl is employed as diamino 
linker, the carbon nanotube length increases from 247 ± 99 nm for the SWCNT 
starting material to 387 ± 213 nm after the assembly; this increase in length suggests 
the formation of SWCNT linear junctions. The average SWCNT length further increase 
to a value of 409 ± 265 nm for assembled nanotubes after junction formation when 
1,3,5-Tris(4-aminophenyl)benzene is used as triamino linker. Although the increased 
tube length indicates the formation of SWCNT static junctions, the almost total 
absence of a Y-shape configuration suggests that only linear junctions were formed, 
probably due to steric effects. Conversely, an increased number of branched 
junctions were observed when 5,10,15,20-Tetrakis(4-aminophenyl)porphyrin 
molecule was employed as tetra-amino linker; in this case, the  SWCNT average 
length results to be of 329 ± 265 nm and this may be associated to the increased 
number of amino groups on the molecular linker. 
Building upon the SWCNT junction formation via direct amidation, an improved 
copper-free click chemistry strategy was successful. In this case, SWCNT ends were 
functionalised with amine molecules bearing cyclooctyne or azide functional groups 
(highlighted in green) via amidation reaction, resulting in azido or cyclooctyne end-
functionalised SWCNTs. Upon mixing azido and cyclooctyne end-functionalised 
SWCNTs, static linear SWCNT junctions were obtained by the formation of triazole 
conjugates that link carbon nanotube tips. In our first experiment, DBCO-amine was 
employed as cyclooctyne molecule and the average SWCNT length resulted to be of 
371 ± 209 nm after junction formation. However, the best results were achieved by 
using BCN-amine as cyclooctyne molecule, where the carbon nanotube length 
increased to a value of  509 ± 242 nm. This is probably due to the high reactivity of 
the click chemistry reaction and the longer carbon chain between the amino group 
and the BCN ring in the linker, which overcomes the steric hindrance issue of the 
nanotubes.  
The formation of SWCNT linear junctions paves the way for the next generations of 
single-molecule nano-electronic devices using a facile, environmentally friendly and 
low-cost in-solution strategy. Moreover, the formation of SWCNT multiple-junctions 
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will allow to fabricate SWCNT-based three terminal systems that imitate the function 
of a transistor. 
Finally, to the best of our knowledge, the first example of DNA-controlled assembly 
of individual SWCNTs with QDs, in one-to-one ratio, was presented via the use of 
differing lengths DNA strands (10, 20 and 30 base-pair) as molecular linkers to tune 
the distance between the nanotube and the QD. In addition, a dynamic behaviour 
was introduced to the system where the SWCNT-QD distance was modulated by 
adding and removing K+. Specifically, upon introduction of K+ cations, a G-quadruplex 
DNA structure is formed and the distance between the QD and SWCNT decreases, 
resulting in the quenching of QD fluorescence. This process was then reverted by 
removing K+ cations with the aid of a cryptand 222, which has a strong affinity for K+. 
This opens the possibility of using DNA as molecular linker for carbon nanotube 
junction formation, and also of implementing a dynamic behaviour to our system. 


















CHAPTER 4: SWCNT Dynamic Linear 
Junctions 
In the previous chapter, we have discussed the in-solution SWCNT static linear 
junctions formation and its importance for nano-technological applications. The aim 
of the study here presented is to introduce a dynamic behaviour to the SWCNT 
junctions, which plays an important role in the fabrication of SWCNT-based stimuli-
responsive molecular systems. Indeed, the ability to switch the coupling between 
single SWCNT segments, forming individual junctions, is of great importance for their 
future implementation in nano- and molecular-electronic smart devices.282,292–294 
Although different technologically-relevant nanomaterials have been designed to 
respond to changes in the surrounding medium,295,296 the in-solution SWCNT 
reversibly reconfigurable linear junctions formation has yet to be proved. As 
demonstrated in Paragraph 3.3, DNA is an interesting biopolymer for the 
implementation of a dynamic behaviour in nanomechanical architectures122,286 
because of its well-known chemistry (i.e., several modifications are available for the 
attachment of functionalities or nanoparticles) and the ability to act as an actuator 
that responds to a number of different stimuli, depending on its nucleotide sequence. 
Several studies reported the use of DNA as the molecular material for the 
construction of designed nano-objects297,298 or as a scaffold for the assembly of 
nanoparticles with precise spatial arrangement.299,300 Furthermore, various response 
mechanisms to different stimuli were demonstrated to be available for the activation 
of the dynamics of specific DNA sequences, including strand-displacement,301 
ligand−aptamer complex formation,302 noncanonical base-pairing,303 and 3D motif 
formation (e.g., G-quadruplex and i-motif).304,305 
In this chapter, we present a strategy for the SWCNT dynamic linear junctions 
formation in aqueous solution, employing DNA as a molecular linker: the dynamic 
behaviour of the SWCNT junctions is controlled by the interaction of the DNA specific 
sequences with selected external stimuli. Specifically, we fabricated linear assemblies 
of individual DNA-wrapped SWCNTs by their end-functionalisation with two partly 
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complementary azido-modified single strands of DNA. The strands can hybridise to 
form a partial duplex under neutral pH conditions, thus forming SWCNT linear 
junctions. The formed SWCNT junctions were disassembled by changing the pH of the 
solution from 7 to 5, via the formation of a more stable i-motif structure at acidic pH, 
hence destabilising the DNA partial duplex linking the nanotubes. The individual 
SWCNTs were then subjected to neutral pH, to restore the DNA duplex junctions, thus 
demonstrating the reversibility of the system. 
Additionally, we extended the study demonstrating the construction of SWCNT 
dynamic junctions that operate via the strand-displacement mechanism. The 
approaches developed in this work allowed us to obtain SWCNT reconfigurable linear 
junctions, as indicated by AFM morphological analysis and further supported by time-
dependent fluorescence characterisations.  
4.1 COVALENT DNA-FUNCTIONALISATION 
HiPco SWCNTs were used in this study and were dispersed as-purchased in aqueous 
solutions via DNA wrapping procedure described in Paragraph 2.2.2. The starting 
DNA-wrapped SWCNTs had an average length of 131 ± 72 nm as determined by AFM 




Figure 4 - 1 (a) AFM topographical image and (b) length distribution with fitted curve of DNA-





The solution containing the DNA-wrapped SWCNTs was mixed with methanol in a 
water-methanol 1:20 final ratio; this solution was divided in two aliquots, and while 
DNA sequence (1) was added to the first one, DNA sequence (2) was added to the 
second aliquot (all DNA sequences used in this study are listed in Table 1 in Paragraph 
2.1). DNA sequences (1) and (2) are 5′-azido-modified oligonucleotide strands that 
include in their sequences a cytosine (C)-rich or guanine (G)-rich domain, 
respectively, that are partially complementary to one another. In order to covalently 
functionalise the ends of the nanotubes with DNA, the two nanotube solutions were 
UV-irradiated with a medium pressure immersion mercury lamp to promote the 
formation of reactive nitrene groups, which in proximity of the free-SWCNT-tips form 
aziridine photoadducts by a cycloaddition reaction,68,306,307 as shown in Figure 4 – 2. 
After centrifugal filtration to remove the unreacted excess of (1) and (2) DNA strands, 
and subsequent re-dispersion of the modified carbon nanotubes in aqueous solution, 
(1)-functionalised and (2)-functionalised SWCNTs were obtained. This 
functionalisation procedure generates single-walled carbon nanotubes that are 
covalently and region-specifically linked to the DNA strands: precisely, the SWCNTs 
carry single DNA molecules at the nanotube ends.124 
 




In order to quantify the amount of azido-DNA reacted with the carbon nanotubes, 
the concentration of DNA in the filtered solutions was estimated by 
spectrophotometry: readings were taken at a wavelength equal to 260 nm. The initial 
concentration of both (1) and (2) in the solutions before irradiation with the mercury 
lamp was 2 μM, whereas the concentration of the removed and unreacted DNA in 
the filtered solution was found to be equal to 0.19 and 0.17 μM for (1) and (2), 
respectively (see Figure 4 – 3). Although most of the DNA seemed to have reacted, a 
direct quantification of the DNA coupled to the SWCNT ends is, at the moment, still 
under investigation. 
As previously discussed, the DNA wrapping strategy protects the nanotube side-walls, 
leaving only the tube-ends available for further functionalisation: this method thus 
provides an easier and one-step strategy, for the selective functionalisation of 
SWCNT termini with azido-modified DNA strands, over the amidation strategy 




Figure 4 - 3 (a) UV absorbance spectrum of azido-modified G-rich DNA solution in the filtered 
solution. Estimated concentration in the supernatant: 0.17 μM; calculated extinction 
coefficient: 301,800 L/(mole·cm). (b) UV absorbance spectrum of azido-modified C-rich DNA 
solution in the filtered solution. Estimated concentration in the supernatant: 0.17 μM; 




4.2 pH-Responsive SWCNT JUNCTIONS 
The aforementioned (1)-functionalised and (2)-functionalised SWCNTs were 
employed as the building blocks for the formation of DNA-linked SWCNTs. In 
particular, (1) and (2) can hybridise at neutral pH forming a partial DNA duplex 
(calculated Tm = 34 °C). In order to direct the assembly of the DNA-functionalised 
carbon nanotubes, (1)-functionalised and (2)-functionalised SWCNTs were then 
mixed in equal amounts at pH = 7 in a solution containing MOPS (2 mM) and NaCl 
(400 mM); this leads to the (1)/(2)-linked SWCNTs formation via DNA hybridisation 
that results in the duplex (1)/(2), as shown in Figure 4 – 4. 
 
Figure 4 - 4 Schematic SWCNTs junction formation via DNA hybridisation. 
To demonstrate and monitor the formation of the SWCNT junctions at pH = 7, diluted 
(1)/(2)-linked SWCNTs solution was cast on mica and the substrate was imaged with 
AFM. We performed a statistical analysis of the average tube length; the average 
length of the (1)/(2)-linked SWCNTs was found to be 184 ± 97 nm (see Figure 4 – 5). 
In line with our previous SWCNT length analysis of junction formation in Chapter 3, 
the increase in the SWCNT average length from 131 ± 72 (SWCNT starting material) 
to 184 ± 97 nm (assembled DNA-wrapped SWCNTs) indicates the formation of the 




Figure 4 - 5 (a) AFM image and (b) length distribution with fitted curve of assembled SWCNTs 






Both (1) and (2) DNA strands contain different domains: a domain that forms the DNA 
partial duplex (1)/(2) and a thymine-rich region. By mixing the so-formed junctions 
with a biotin-modified adenine-rich (3) DNA sequence, which is complementary to 
the thymine-region, we could introduce biotin functionalities at the site of the 
junction formation. The presence of the biotin between the two SWCNT segments in 
the junctions was then exploited to label the junction site via the addition of 
streptavidin that strongly and specifically interacts with biotin. This allowed us to 
unequivocally locate the site of the junction formation via AFM imaging, hence, 
further demonstrating the successful SWCNT assembly. 
For this purpose, we drop-cast low-coverage films of (1)/(2)-linked SWCNTs solution 
at pH = 7 on muscovite mica, then drop-cast a streptavidin solution (500 nM), and 
after washing off the streptavidin excess with distilled water, the mica substrate was 















Figure 4 – 6 shows a representative AFM image and respective height profiles of a 
streptavidin-labelled SWCNT junction, corresponding to the expected nanotube and 
protein sizes: this confirms junction formation.  
 
Figure 4 - 6 In situ streptavidin-biotin labelling: (a) schematic of the streptavidin-biotin 
labelled site of the junction formation  (b) representative topographical AFM image of a 







It is worth mentioning that although at the junction point two biotin-labelled 
oligonucleotides are hybridised, it is assumed that only one streptavidin can bind to 
the site because of steric hindrance; this assumption is confirmed by AFM analysis of 
the junctions (see Figure 4 – 7). 
Although the AFM image in Figure 4 – 6b shows a straight junction, bent junctions 
are present in all our AFM images; this is clear from the AFM images presented in 
Figure 4 – 5 and Figure 4 – 7. This is likely an effect of the physisorption of the SWCNT 




Figure 4 - 7 Representative topographical AFM images of biotin-streptavidin labelled DNA-
SWCNT junctions with corresponding AFM height analysis. 
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At neutral pH, DNA strand (1) is available for duplex formation and consequently can 
hybridise with its complementary DNA strand (2) forming nanotube junctions. 
Conversely, when the pH of the solution is acidic (pH = 5), (1) forms an intercalated 
motif (i-motif structure),129,304,308 leading to the disassembly of the DNA-linked 
SWCNT junctions. This behaviour can then be exploited for the pH-controlled 
assembly/disassembly of SWCNT junctions. 
It should be noted that it was necessary to introduce mismatches in the DNA duplex 
forming the carbon nanotube junction in order to generate similar levels of thermal 
stability between the partial duplex (1)/(2) and the competing i-motif structure, 
which would be too unstable compared to the complete duplex (1)/(2), otherwise 
resulting in an inefficient separation of the junction at pH = 5. 
To demonstrate and monitor the disassembly of the DNA-linked SWCNT junctions as 
a function of pH, we cast acidic solutions (pH = 5) on mica and imaged the substrates 
with AFM. The average length of the SWCNT junctions after changing the pH of the 
solution from 7 to 5 was found to decrease to 148 ± 80 nm (see Figure 4 – 8), 




Figure 4 - 8 (a) AFM image and (b) length distribution with fitted curve of disassembled 





To further prove the successful pH-controlled assembly/disassembly of SWCNT 
junctions, time-dependent fluorescence analysis of the nanostructures was 
performed. We mixed (1)-functionalised and (2)-functionalised SWCNTs in equal 
amounts at pH = 7 in a solution containing MOPS (2 mM) and NaCl (400 mM), as 
previously described, to form the junctions and added a quencher (Q)-modified DNA 
sequence (4), which is complementary to the thymine-domain and binds at the 
junction site. We then added to this solution a cyanine 3 (Cy3)-modified DNA (5), 
which is partially complementary to (2). 
Figure 4 – 9 shows the pH-controlled mechanism of the SWCNT−DNA junction 
assembly/ disassembly, in the presence of the quencher and fluorophore labels (4) 
and (5), respectively. 
 
Figure 4 - 9 Schematic of the pH-controlled system in the presence of quencher and 








At pH = 7, (5) is free in solution as (2) is not available due to a more stable (1)/(2) 
duplex structure; when the pH is decreased from 7 to 5, the disassembly of the 
junction frees (2), allowing it to hybridise with (5); this in turn results in the quenching 
of Cy3 because of its proximity to Q. 
The sequences (4) and (5) were designed to position the Q and Cy3 functionalities at 
a specific separating distance. From geometric considerations of the DNA molecule, 
we calculated the distance separating Cy3 and the quencher in the duplex structure 
(2)/(4)/(5) to be equal to 1.7 nm. This results in the efficient quenching of the 
fluorescence emission at pH = 7, whereas at pH = 5, the large separating distance 
between Cy3 and Q in the single-strand (5) and duplex (2)/(4) results in the inefficient 


















We monitored this change in fluorescence in real-time, by varying the pH from 7 to 5 
in multiple cycles, and recording the fluorescence emission of Cy3, as shown in Figure 
4 – 10. When 0.6 μL of a acetic acid (10% vol/vol) was added, the fluorescence signal 
dropped, while the emission intensity was finally recovered by adding 0.75 μL of 
ammonia solution (1M) into the SWCNT pH system. This allowed us to confirm the 
reversible pH-dependent assembly/disassembly of the DNA−SWCNTs. 
It is worth mentioning that Cy3 fluorophore emission is insensitive to pH changes in 
the interval pH = 5 to pH = 7 thus in the described analysis the Cy3 emission intensity 
changes depend only on the average distance separating the fluorophore-quencher 
pair. 
 
Figure 4 - 10 Real-time fluorescence changes of the pH-controlled DNA−SWCNT junctions. The 
fluorescence emission of Cy3 is monitored while reversibly varying the pH between 7 and 5 in 
multiple cycles. High fluorescence emission corresponds to the formed DNA− SWCNT junctions 
at pH = 7 [where Cy3-modified strand (5) is free in solution], whereas low fluorescence 
emission corresponds to the separation of the DNA−SWCNT junctions at pH = 5 [where the 
Cy3-functionalized (5) is quenched by the Q-modified strand (4)]. 
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It should be noted that the incremental drift in the fluorescence intensity is likely due 
to the slow aggregation and precipitation of the SWCNTs; this results in a time-
dependent proportional decrease in optical density of the mixture and increased 
collected emission from the fluorophore. Additionally, small deviations are observed 
due to the manual operation and by small volume additions of concentrated 
acid/base. 
To prove that the quenching effect of the carbon nanotubes on the fluorophores is 
not significant, in the pH-responsive system, we performed the same experiment in 
the absence of SWCNTs (see Figure 4 – 11). 
 
Figure 4 - 11 Real-time fluorescence changes of the pH-switch system in absence of SWCNTs. 
The fluorescence emission of Cy3 is monitored while reversibly varying the pH between 7 and 






Additionally, to confirm the selectivity of this pH system, we assembled nanotube 
junctions employing a dsDNA, as a linker, which is not affected by changes in pH. As 
previously described, we functionalised SWCNT with 5′-azido-modified (1’), we mixed 
(1’)-functionalised and (2)-functionalised SWCNTs in equal amounts at pH = 7, and 
we then acidified the solution to pH = 5.  Figure 4 – 12 shows how the average length 
of (1’)/(2)-linked  SWCNTs does not vary from pH 7 to 5.  
 
Figure 4 - 12 AFM images of DNA-linked SWCNTs junctions not affected by changes in pH 
(a) at pH= 7 with corresponding length distribution of the fitted curves, data size: 228 counts; 








4.3 Strand-Displacement SWCNT JUNCTIONS 
In order to explore the versatility of the approach developed here, we extended our 
studies by inducing the disassembly of DNA-SWCNT junctions with a different 
stimulus. A fuel DNA sequence (SD1), a DNA sequence that activates the disassembly 
process, was designed to be capable of destabilising the DNA duplex forming the 
DNA-SWCNT junction, via strand-displacement.301,309,310 
Upon addition of the designed fuel DNA strand (SD1) to the DNA-linked SWCNT 
junctions solution at neutral pH, strand (2) is displaced from duplex (1)/(2) by (SD1), 
resulting in a new duplex (1)/(SD1) and free DNA strand (2). AFM images of 
disassembled SWCNT junctions by strand-displacement were taken after the addition 
of (SD1) to the SWCNT junctions: the disassembly was confirmed by statistical 
analysis of the average tube length, which was found to be 141 ± 79 nm (see Figure 
4 – 13), in accordance with the results obtained for the disassembled SWCNT 




Figure 4 - 13 (a) AFM image and (b) length distribution with fitted curve of disassembled 




To make this new system reversible, we introduced an anti-fuel DNA strand (SD2), a 
DNA sequence that reactivates the assembly process, which promotes the recovery 
of the assembly of DNA-SWCNT junctions by a second strand-displacement event. 
This was confirmed by time-dependent fluorescence measurements, as shown in 
Figure 4 – 14. 
 
Figure 4 - 14 Schematic of the strand-displacement system in the presence of quencher and 
fluorophore labels for time-dependent fluorescence analysis. 
Quencher-labelled DNA-SWCNT junctions were mixed together at pH = 7 with (5); at 
neutral pH, (1)-functionalised and (2)-functionalised SWCNTs form SWCNT junctions 
and the solution is characterised by a high fluorescence intensity because of the free 
Cy3-modified DNA (5) in solution. Upon addition of (SD1), the junction is separated 
and (5) binds to (2), resulting in the close proximity of Cy3 to Q and the low emission 
of fluorescence of Cy3. The following addition of (SD2) displaces (SD1) from the 
duplex (1)/ (SD1), resulting in the new duplex (SD1)/(SD2), and the restoration of the 
original SWCNT junction via the duplex (1)/(2). The concomitant release in solution 
of the fluorophore-modified strand (5) recovers the original high level fluorescence 




Figure 4 - 15 Real-time fluorescence changes of the strand-displacement controlled 
DNA−SWCNT junctions in the presence of Q-modified oligonucleotide (4) and Cy3-modified 
strand (5). Addition of (SD1) and (SD2) strands, in multiple cycles, results in the separation 
and recovery of the junction assembly, respectively. High fluorescence emission corresponds 
to the free Cy3-modified strand (5) in solution; whereas low fluorescence emission 
corresponds to the quenching of Cy3-(5) upon separation of the DNA−SWCNT junctions. 
Upon cyclic sequential addition in solution of (SD1) and (SD2) strands, the reversible 
assembly and disassembly of the DNA-SWCNT junctions is demonstrated by the low 
and high level of emission from Cy3-modified strand (5). Although a high level of 
fluorescence characterises the free fluorophore (formed DNA-SWCNT junction), the 
close proximity of the fluorophore-quencher pair functionalities in the separated 
junctions is characterised by low fluorescence. 
Figure 4 – 15 shows the time-dependent fluorescence changes of the strand-
displacement controlled SWCNT junction assembly/disassembly system, in the 





As per the pH-responsive system, to verify that the quenching effect of the SWCNTs 
on the Cy3 is not significant, we performed the same experiment in the absence of 
SWCNTs for the strand-displacement system, as shown in Figure 4 – 16. 
 
Figure 4 - 16 Real-time fluorescence changes of the strand-displacement system in absence 
of SWCNTs. The fluorescence emission of Cy3 is monitored while reversibly adding (SD1) and 










4.4 CONCLUDING REMARKS 
In summary, we have presented a strategy for the controlled and reversible assembly 
of SWCNT dynamic linear junctions under different stimuli. This was achieved by 
exploiting the molecular recognition of DNA complementary sequences employed 
here as linkers. SWCNTs were covalently end-functionalised with azido-modified 
ssDNA in a one-pot reaction, under UV light. In Table 5 are listed the average tube 
length of the SWCNTs employed for stimuli-responsive linear junctions formation. 
The average length of the pristine DNA-wrapped SWCNTs used as starting material 
for junction formations is of  131 ± 72 nm (highlighted in grey). 
Table 5 List of average SWCNT lengths. Highlights: pristine DNA-wrapped SWCNTs (grey), 
assembly at pH 7 (green), disassembly at pH 5 (yellow) and disassembly by strand-
displacement mechanism (pink). 
SWCNTs Average SWCNT length (nm) 
Pristine DNA-wrapped SWCNTs 131 ± 72 
Assembly at pH = 7 184  ± 97 
Disassembly at pH = 5 148 ± 80 
Disassembly by strand-displacement 141 ± 79 
SWCNT assembly was driven at neutral pH by the hybridisation between 
complementary DNA strands at the nanotube termini. The carbon nanotube length 
increases from 131 ± 72 nm for the starting material to 184 ± 97 nm after DNA 
hybridisation at pH 7 (highlighted in green); this increase in length suggests the 
formation of SWCNT linear junctions. Junction formation was further confirmed by 
streptavidin-labelling at the site of the SWCNT junction formation. Employing at the 
junction site a C-rich domain, the SWCNT disassembly was obtained by i-motif 
formation at pH 5; as consequence the nanotube average length decreases to a value 
of 148 ± 80 nm (highlighted in yellow). 
Additionally, we designed the system for the controlled disassembly of SWCNT 
junctions via strand-displacement mechanisms; this resulted in average SWCNT 
length of 141 ± 79 nm (highlighted in pink). This further demonstrates the versatility 
of the approach presented here, for the dynamic tuning of DNA-SWCNT junction 
formation via different stimuli. The reversible assembly/disassembly of DNA-SWCNT 
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junctions, for both the pH-responsive and strand-displacement systems, was 
controlled by varying the pH or adding fuel/anti-fuel DNA strands; this was confirmed 
by real-time fluorescence investigations. 
The study presented in this work is of interest for the fabrication of solution-
processable and stimuli-responsive SWCNT-based systems, also of higher complexity. 
Moreover, it paves the way for controlling the assembly of other nano-structured 
materials via DNA hybridisation. In this regard, in the next chapter will be discussed 
the use of DNA as molecular linker for the formation of both static and dynamic MoS2 














CHAPTER 5: MoS2 LbL Assembly: Static 
and Dynamic Junctions 
DNA is a powerful molecule for the assembly of nanoarchitectures with precise 
spatial arrangement,299,300,311–316 and it has been employed in different 
nanomaterials, from 0-D to 3-D.317,318 Moreover, DNA allows the formation of 
dynamic architectures, due to its ability to reconfigure, as a response to different 
stimuli, depending on the nucleotide sequence.207,313 Several dynamic DNA-based 
nano-mechanisms were demonstrated, including non-canonical base-pairing, strand-
displacement, 3-D motif formation and ligand−aptamer complex formation; these 
have further been employed in the assembly of nanostructures exhibiting a dynamic 
behaviour.126,127,313,319 In this context, controlling the assembly of molybdenum 
disulfide (MoS2) layers into static and dynamic superstructures can impact on their 
use in optoelectronics, energy, and drug delivery. A further development for the 
aforementioned applications relies on the control of MoS2 surface functionalisation, 
which directly affects its electronic properties and the distance between layers. In 
this regard, different strategies have been pursued to functionalise exfoliated 
MoS2.208,228,232,253,254,256,320–322 In this chapter, we present a strategy for the controlled 
layer-by-layer assembly of exfoliated MoS2 in aqueous solution, employing DNA as 
molecular linker. We demonstrate the functionalisation of exfoliated MoS2 layers 
with thiol-modified DNA, and their assembly via DNA hybridisation. Furthermore, to 
implement a dynamic response, MoS2 surface was functionalised with specific DNA 
sequences that reconfigures as a response to specific external stimuli. The DNA-
functionalised MoS2 layers were then assembled into multi-layered MoS2 
nanostructures via hybridisation of the DNA complementary linkers, under basic pH 
conditions. The disassembly process was triggered by the formation of an 
intramolecular i-motif structure, within the DNA tethers, at acidic pH. To 
demonstrate the versatility of our approach, we also induced the disassembly of the 
DNA-linked MoS2 layers via a strand-displacement mechanism. This proves the 
applicability of DNA as linker to drive both the assembly of MoS2 layers and to 
implement in their structure a dynamic molecular component. 
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5.1 MoS2 STATIC JUNCTIONS 
Figure 5 – 1 shows the Raman spectrum of bulk 2H-MoS2 employed for our 
experiments: the peak at 383 cm-1 corresponds to the in-plane vibration mode of Mo 
and S atoms in the basal plane (E2g1), while the peak at 408 cm-1  corresponds to the 
out-of-plane mode of S atoms (A1g).  
 
Figure 5 - 1 Raman spectrum of bulk 2H-MoS2 showing the typical in-plane vibration mode 









Exfoliated 2H-MoS2 was obtained by sonicating MoS2-bulk powder in aqueous 
sodium cholate solution. The successful exfoliation of bulk 2H-MoS2 was verified 
spectroscopically, and through morphological characterisation (Figure 5 – 2). 
Raman spectroscopy characterisation shows two strong peaks, corresponding to the 
in-plane vibration mode (E2g1) at 385 cm−1 and the out-of-plane mode (A1g) of the S 
atoms, at 410 cm−1, of exfoliated 2H-MoS2 . The exfoliation also results in the shift of 
the Raman peaks: as the number of layers decreases, the wavenumber of the E2g1 
mode and the wavenumber of the A1g mode shift to higher frequencies. 
In the optical absorption spectrum, the presence of the four peaks further confirms 
the band structure of exfoliated MoS2: the A and B peaks, characteristic for MoS2 
dispersions, arise from the interband excitonic transitions at the K point of the 
Brillouin zone, while the C and D peaks can be assigned to the direct excitonic 
transition of the M point. 
In addition, TEM imaging for the exfoliated MoS2 nanosheets indicates that the 




Figure 5 - 2 Exfoliated MoS2 obtained by sonicating MoS2-bulk powder in aqueous sodium 
cholate. (a) Raman spectrum showing the in-plane vibration mode (E2g1) and the out-of-plane 
vibration mode (A1g) of the S atoms; (b) The four absorption peaks confirm the band structure 
of exfoliated MoS2: the A and B peaks arise from the interband excitonic transitions at the K 
point of the Brillouin zone, while the C and D peaks can be assigned to the direct excitonic 
transition of the M point; (c) representative TEM image of the exfoliated MoS2. 
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In order to drive the assembly, MoS2 surface was first functionalised with DNA 
sequences (1’) and (2). The as-prepared exfoliated MoS2 solution was divided in two 
aliquots: DNA sequence (1’) was added to the first aliquot, and DNA sequence (2) to 
the second one. DNA sequences (1’) and (2) are thiolated DNA strands that can be 
anchored to the intrinsic sulphur defects on MoS2 surfaces. This functionalisation 
process produces (1’)-functionalised MoS2 and (2)-functionalised MoS2. 
 
Figure 5 - 3 Schematic illustration of DNA functionalisation of exfoliated MoS2 surface 







To verify the functionalisation of exfoliated MoS2 surface, the concentration of the 
DNA strands in (1’)-functionalised and (2)-functionalised MoS2 was estimated by 
spectrophotometry (see Figure 5 – 4). Readings were taken at 260 nm and the 
concentration of DNA strands (1’) and (2) was found to be 0.54 μM and 0.65 μM, 
respectively; these values were then used to estimate the number of DNA strands 
per exfoliated MoS2 structure, which resulted to be 61 in (1’)-functionalised MoS2 and 
73 in (2)-functionalised MoS2. 
The number of DNA strands attached per MoS2 was estimated by assuming MoS2 as 
a geometric cylinder with a density of 5.06 g/mL and molecular weight (MW) of 
160.07 g/mol. The DNA MWs employed for MoS2 functionalisation are 13,093.8 Da 
and 10,532.1 Da, respectively for thiol-(1’) and thiol-(2); and the number of DNA 
strands attached for every S atom was calculated to be 4.3·10-5 in (1’)-functionalised 




Figure 5 - 4 UV absorbance spectra of (a) thiolated (1’) DNA sequence in (1’)-functionalised 
MoS2. Calculated extinction coefficient: 415600 L/(mole*cm); Estimated concentration of (1’) 
in (1’)-functionalised MoS2: 0.54 μM. (b) thiolated (2) DNA sequence in (2)-functionalised 
MoS2. Calculated extinction coefficient: 301800 L/(mole*cm); Estimated concentration of (2) 
in (2)-functionalised MoS2: 0.65 μM. 
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(1’)-functionalised and (2)-functionalised MoS2 were then mixed together in a 
solution containing NaCl (400 nM) and MOPS (2 mM), and the MoS2 layers were 
assembled via DNA hybridisation of the complementary oligonucleotides strands (1’) 
and (2), as shown in Figure 5 – 5a, resulting in DNA-linked MoS2 layers. 
The Raman spectrum of the DNA-assembled MoS2 layers (Figure 5 – 5b) shows that 
the E2g1 peak is shifted to lower frequencies (379 cm-1)  as well as the A1g peak is 
shifted to lower frequencies (402 cm-1) compared to the exfoliated MoS2 Raman 
peaks shown in Figure 5 – 2a. 
 
Figure 5 - 5 Formation of DNA-linked MoS2 layers via DNA hybridisation. (a) Schematic of the 
DNA-driven assembly process, (b) Raman spectrum showing the E2g1 peak at 379 cm-1 the A1g 







To demonstrate the successful assembly of MoS2 layers, AFM characterisation was 
carried out on samples obtained by casting the MoS2 solutions on muscovite mica. 
Figure 5 – 6  shows the corresponding AFM topographical images and the height 
profiles of exfoliated MoS2 and DNA-linked MoS2 layers physisorbed on mica. The 
lateral size and thickness of the exfoliated material was found to be 94.9 ± 26.9 nm 
and 5.3 ±2.1 nm, respectively, corresponding to an average number of 8 ± 3 MoS2 
monolayers per structure. Whereas, the assembled material displays an average 
width of 129.6 ± 53.1 nm and a height of 17.9 ± 7.0 nm, suggesting that the assembly 
has taken place. The number of monolayers in the superstructures was calculated to 
be of 16 ± 5. This was estimated by considering the distance between the assembled 
layers equals to the length of the dsDNA connecting two surfaces of exfoliated MoS2. 
However, it is worth mentioning that rather than only perpendicular linkers, other 
states are possible such as bent, compressed and free linkers.323 
 
Figure 5 - 6 (a) AFM topographical image and respective height profile of the starting 
material: DNA-functionalised MoS2. (b) AFM topographical image and respective height 
profile of DNA-linked MoS2 superstructures assembled via DNA hybridisation. 
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Additionally, to confirm that exfoliated MoS2 can assemble only when functionalised 
with complementary DNA strands, we carried out a morphological characterisation 
of samples obtained by casting solutions of MoS2 functionalised with DNA strands 
that cannot form a DNA duplex. Specifically, we functionalised exfoliated MoS2 with 
thiolated-(1) DNA strand and we then mixed (1)-functionalised and (1’)-functionalised 
MoS2, as previously described. Figure 5 – 7a  shows that the measured height of 
mixed (1)-functionalised and (1’)-functionalised MoS2, which is comparable to that 
obtained for the exfoliated MoS2, hence indicating that no assembly has taken place. 
In a similar way, if an amino-modified DNA strand (2) incapable of functionalising 
MoS2 surface is employed, no evidence of assembly was observed (see Figure 5 – 7b). 
 
Figure 5 - 7 AFM topographical images and respective height profiles of: (a) a solution 
containing (1)-functionalised MoS2 and (1’)-functionalised MoS2, with an average MoS2 
height= 7.5 ± 3.1 nm; and (b) a solution containing exfoliated MoS2 and amino-modified (2), 
not capable of functionalising MoS2 surface, with an average MoS2 height= 7.9 ± 2.8 nm. In 
both samples, no evidence of assembly was observed. 
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5.2 MoS2 DYNAMIC JUNCTIONS 
In order to exploit the ability of DNA to induce a stimuli responsive behaviour in the 
DNA-linked nanostructures,127,319 we introduced a cytosine-rich DNA sequence, (1), 
and its partly complementary strand (2), as the molecular linkers of choice in the 
assembly of MoS2 layers. Similarly to the experiments carried out in Chapter 4, DNA 
sequence (1) is capable to reconfigure in response to a pH change in the buffer 
solution. For this purpose, we functionalised MoS2 surface with thiol modified (1), 
forming (1)-functionalised MoS2. The concentration of DNA in (1)-functionalised 
MoS2 was estimated by UV-vis analysis, as shown in Figure 5 – 8, and it was found to 
be 0.71 μM, while 80 DNA strands were estimated to be present per MoS2 structure 
[thiol-(1) MW= 10,178.9 Da, number of DNA strands for S atom= 5.65·10-5. 
 
Figure 5 - 8 UV absorbance spectrum of thiolated (1) in (1)-functionalised MoS2. Calculated 





Upon mixing of (1)-functionalised and (2)-functionalised MoS2 at basic pH, DNA 
sequence (1) hybridises with its complementary DNA (2) forming a partial DNA duplex 
(2)/(3), leading to the assembly of MoS2 layers. When the pH of the buffer is changed 
to acidic conditions, (1) forms a four-stranded intramolecular quadruplex DNA 
structure (i-motif).304 The formation of this secondary DNA structure allows the 
disassembly of DNA-linked MoS2 superstructures. 
Figure 5 – 9 shows the schematic assembly/disassembly of MoS2, by varying pH 
values, and Raman characterisation of samples at pH 8 and pH 5.5. 
 
Figure 5 - 9 Controlled disassembly of DNA-linked MoS2 by i-motif formation: (a) scheme of 
the pH-driven disassembly; Raman spectra of MoS2 solution (b) at pH= 8, showing E2g1=383 








To confirm the nanosheet disassembly as a result of the pH change, we compared the 
size of the assembled MoS2 nanostructures with the corresponding disassembled 
nanostructures. This was done via AFM topographical imaging of solutions cast on 
mica (Figure 5 – 10). The DNA-linked MoS2 structures exhibit a lateral size and 
thickness of 338.2 ±117.7 nm and 40.4 ±18.9 nm, respectively, suggesting that they 
consist of an average number of monolayers equal to 31 ± 12. Differently, the lateral 
size and height of the corresponding disassembled MoS2 nanostructures were found 
to be 144.8 ± 88.1 nm and 5.4 ± 3.3 nm, respectively, in line with the presence of an 
average number of monolayers equal to 9 ± 5, i.e. comparable to the starting 
exfoliated MoS2, prior to any DNA-driven assembly. This difference in height strongly 
suggests that the disassembly of MoS2 can indeed be controlled by employing a 
specific DNA sequence capable of forming an i-motif structure at pH 5.5. 
 
Figure 5 - 10 AFM topographical image of (a) assembled and (b) disassembled MoS2 with the 
corresponding height profiles. 
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To further explore the versatility of our approach, we induced the disassembly of 
DNA-linked MoS2 via a strand-displacement mechanism.301 Upon introduction of 
strand (SD1), the partial duplex (1)/(2) is separated, to form the more stable duplex 
(1)/(SD1), resulting in the release of strand (2) in solution, and leading to the 
disassembly of MoS2 superstructure into isolated MoS2 nanostructures. Schematic of 
the disassembly process and Raman characterisation are shown in Figure 5 – 11.  
 
Figure 5 - 11 Controlled disassembly of DNA-linked MoS2 via a strand-displacement 
mechanism: (a) Schematic of the disassembly process; (b) Raman spectrum of sample after 







The disassembly was verified by statistical analysis of the average MoS2 height and 
length as measured via AFM (Figure 5 – 12): the width and thickness of the 
disassembled MoS2 structures were found to be 101.6 ±52.4 nm and 11.3 ±5.7 nm, 
respectively, suggesting that these structures consist of an average number of 
monolayers equal to 18 ± 9. The difference in thickness indicates that a disassembly 
process of the DNA-linked MoS2 can take place employing an additional DNA 
sequence capable of destabilising the (1)/(2)-linker joining MoS2 surfaces.  
This strategy exhibited a lower efficiency compared to the aforementioned approach 
employing the i-motif strand, likely due to the limited access of DNA strand (SD1) in 
the duplex (1)/(2) located between MoS2 layers. Moreover, conversely to the 
experiment carried out in paragraph 4.3, the introduction of the anti-fuel (SD2) DNA 
strand did not lead the recovery of the assembled MoS2 superstructure. 
 
Figure 5 - 12 AFM topographical image of MoS2 nanostructures disassembled via strand-








Finally, to prove that the disassembly occurs only when a fuel DNA strand is 
employed, we performed the same experiment using DNA sequence (6), incapable of 
displacing (2) in the DNA duplex joining the MoS2 layers. Figure 5 – 13, shows that the 
disassembly does not take place in this case. 
 
Figure 5 - 13 AFM topographical image and respective height profile of MoS2 solution after 
addition of DNA strand (6); average MoS2 nanosheets height: 39.6 ± 13.5 nm. No evidence of 















5.3 CONCLUDING REMARKS 
We demonstrated a strategy to drive the layer-by-layer assembly of exfoliated MoS2 
and their disassembly under different stimuli. In Table 6 are listed the average heights 
and later sizes of the MoS2 employed in this work.  
Table 6 List of average lengths and lateral sizes. Highlights: exfoliated 2H-MoS2 (orange), 
static assembly (green), dynamic assembly at pH 8 (blue), disassembly at pH 5.5 (yellow) 
and disassembly by strand-displacement mechanism (pink). 
MoS2 Height (nm) Lateral Size (nm) 
Exfoliated 2H-MoS2 5.3 ± 2.1 94.9 ± 26.9 
Static Assembly 17.9 ± 7.0 129.6 ± 53.1 
Dynamic Assembly at pH = 8 40.4 ± 18.9 338.2 ± 117.7 
Disassembly at pH = 5.5 5.4 ± 3.3 144.8 ± 88.1 
Disassembly by strand-displacement 11.3 ± 5.7 101.6 ± 52.4 
Exfoliated 2H-MoS2 nanostructures were obtained by sonicating bulk 2H-MoS2 
powder in aqueous sodium cholate solution. The average height of the used as 
starting material is  MoS2 surfaces were functionalised with thiolated-DNA strands, 
using the S defects in the exfoliated material, and then assembled via base-
complementary of the DNA sequences. The successful layer-by-layer assembly was 
verified by AFM morphological characterisation, comparing the heights of exfoliated 
2H-MoS2 (5.3 ± 2.1 nm, highlighted in orange)  and assembled MoS2 superstructures 
(17.9 ± 7.0 nm, highlighted in green) . 
Furthermore, we demonstrated the disassembly of DNA-linked MoS2 by changing the 
pH of the solution. This was achieved by employing a cytosine-rich DNA sequence 
that reconfigures into an intramolecular i-motif structure at acidic pH, and separates 
the DNA duplex linking the MoS2 surfaces. The successful disassembly process was 
verified by morphological characterisation, comparing the heights of MoS2 solutions 




 Finally, we tested the versatility of our approach by driving the disassembly of the 
dynamic-assembled MoS2 superstructures via a strand-displacement mechanism. 
This resulted in an average MoS2 height of 101.6 ± 52.4 nm (highlighted in pink). 
The strategy presented in this study is of interest for controlling the static and 
dynamic assembly of exfoliated MoS2 in aqueous solution, and can be used for 
optoelectronic and biotechnology applications,213,234,265 as well as for the assembly of 

















CHAPTER 6: Conclusions and Future 
Challenges 
In this thesis, we have presented the controlled self-assembly of 1-D and 2-D 
nanomaterials by the formation of both static and dynamic junctions with chemical 
or biological linkers. In this regard, precisely controlling the assembly of individual 
nanomaterials directly in solution allows to investigate and exploit their properties 
for the fabrication of solution-processable nano-devices. 
The first main focus of the work presented here was the formation SWCNT junctions 
in environmentally friendly aqueous solution. Single-walled carbon nanotubes are a 
class 1-D nanomaterials of nano-technological interest because of their nanoscale 
diameter and exceptional thermal, mechanical, and electrical properties. However, 
the in-solution construction of SWCNT junctions is limited by their poor dispersibility 
in both aqueous and organic solvents. To overcome this problem, we took advantage 
of the capability of ssDNA to wrap around nanotube surface by π-π stacking 
interactions between the DNA aromatic hydrophobic bases and the SWCNT sidewall. 
The benefits of the DNA-wrapping strategy are the efficient dispersion of the 
nanotubes in bio-compatible aqueous solutions as well as the ability of DNA strands 
of protecting SWCNT surface, which leaves the nanotube termini available for end-
functionalisation. As the dispersion process produces DNA-wrapped carbon 
nanotubes of different length, DNA-wrapped SWCNTs were separated by SEC-HPLC, 
a technique that allows to separate DNA-wrapped SWCNTs by their length.  
In this study, the formation of SWCNT junctions relies on the functionalisation of 
SWCNT ends.  Static linear junctions were obtained with two strategies: in the direct 
amidation strategy, SWCNT termini were joined by di, tri or tetra-amine linkers via 
amidation reaction; while in the copper-free click chemistry strategy, SWCNT ends 
were first functionalised with amino-functionalised cyclooctyne or azide molecules 
(via amidation reaction) and static linear junctions were then obtained by the 
formation of 1,2,3-triazole linkers, after mixing azido and cyclooctyne-functionalised 
single-walled carbon nanotubes. 
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In addition, static and dynamic hetero-systems were obtained by DNA-linking a single 
QD to the end of an individual SWCNT.126 This opens the possibility of using biological 
linkers and also of implementing dynamic behaviours to SWCNT self-assemblies. 
Another accomplishment of this work is indeed the formation SWCNT dynamic linear 
junctions, where DNA is employed as molecular linker.127 In particular, DNA-wrapped 
SWCNTs were covalently functionalised at their terminal-ends with azido-modified 
ssDNA sequences. The assembly was then achieved via DNA hybridisation upon 
mixing SWCNTs, end-functionalised with complementary DNA strands, at neutral pH. 
A dynamic behaviour was implemented to the system by employing a DNA sequence 
containing a cytosine-rich domain, which leads to the disassembly of SWCNT 
junctions by i-motif formation at acidic pH. We further extended our study by 
controlling the disassembly of DNA-linked SWCNTs via a strand-displacement 
mechanisms upon addition of fuel/anti-fuel DNA strands. This demonstrates the 
possibility of inducing a dynamic behaviour to the SWCNT junctions with different 
stimuli. 
In addition to the work on 1-D single-walled carbon nanotubes, we also explored the 
assembly of exfoliated molybdenum disulfide.324 In this work, the exfoliation of MoS2 
was achieved by sonication in aqueous sodium cholate solution of the bulk powder. 
Exfoliated MoS2 is a class of 2-D layered materials that exhibits a direct band gap and 
strong photoluminescence, showing promise in optoelectronic applications. 
Moreover, these nanostructured materials have been employed as nanocarriers for 
drug delivery and as laminar membranes to regulate ion transport for the 
desalination of seawater, toward the generation of blue energy.  
A further development in the use of exfoliated MoS2 for the aforementioned 
applications relies on the control of their surface functionalisation, which directly 
affects their electronic properties as well as the distance between layers. In this 
regard, the surface of exfoliated MoS2 was functionalised with thiolated-DNA strands, 
exploiting the sulphur defects generated during the exfoliation process. 
Subsequentially, after mixing MoS2 functionalised with complementary DNA strands, 
the layer-by-layer assembly was obtained via DNA hybridisation. 
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Furthermore, a stimuli-responsive behaviour was implemented by employing a C-rich 
DNA sequence in the MoS2 junction, which leads to the separation the assembled 
MoS2 structures by i-motif structure formation at acidic pH. We also demonstrated 
the disassembly of the DNA-linked MoS2 superstructures via strand-displacement. 
This confirms the possibility of using DNA as molecular linker to induce the static and 
dynamic assembly of exfoliated MoS2 in solution.  
The formation of SWCNT linear junctions presented in this study could facilitate the 
development of novel single-molecule nano-devices124,279,281–283 employing a facile, 
low-cost288,289 and environmentally friendly in-solution strategy.123 Moreover, the 
use of DNA as linker holds great potential for the fabrication of opto-electronic 
devices,122,325 such as employing G-rich DNA sequences as active components, and 
sensing platforms via the use of oligonucleotide aptamer DNA sequences, where 
single-walled carbon nanotubes can be employed as switchable nano-
electrodes.282,292 The DNA-linking strategy developed in this work will also allow to 
control the distance between MoS2 layers, thus to tune their opto-electronic 
properties,225–231 as well as to introduce a dynamic behaviour,206,265 which can be 
exploited for the fabrication of stimuli-responsive MoS2-based devices. Future work 
will take advantage of the knowledge here developed to precisely control designed 
SWCNT assemblies of higher complexity as well as it could also be extended to other 
2-D layered materials. 
To conclude, this has been a challenging and exciting PhD project where the assembly 
of 1-D and 2-D nanomaterials, specifically SWCNTs and MoS2, has been achieved by 
the formation of both static and dynamic junctions in aqueous solutions. As 
previously mentioned, this is of (nano)technological interest for the construction of 
the next generation of nano-devices, which require precise control at the nanoscale 
to exploit the full potential of these nanostructured materials. The results here 
presented have shown potential to provide  platforms for future studies; there is still 
more to be done to predict where they can play a crucial role due to the fast-paced 
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